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Aluminum bombarded by 2.2 mv deutons is found to 
emit protons, neutrons and alpha-particles, presumably 
accompanying reactions in which Al®* (radio-aluminum), 
Si* and Mg* are formed. The protons are the most 
abundant (about 8 per 10’ deutons) and have a complex 
spectrum of ranges, in which groups with ranges 10, 21, 
30 and 53 cm have been resolved. The maximum range of 
62 cm corresponds to a reaction energy of 5.3 mv. The 
radioactive product, shown chemically to be an aluminum 


INTRODUCTION 


N earlier experiments in this laboratory it has 
been found that aluminum under deuton 
bombardment gives off alpha-particles,' protons 
and neutrons,? and becomes radioactive.’ This 
paper describes a more detailed investigation of 
these reactions. 

The apparatus used for producing a beam of 
high speed deutons is described elsewhere.‘ For 
studying the emission of particles from the target 
during bombardment, the target was placed in 
the vacuum in the path of the deuton beam and 
the disintegration particles were allowed to 
emerge through a mica window, as shown in 
Fig. 1. For studying the radioactivity, the beam 
was sent through a thin aluminum window (about 


1G. N. Lewis, M. S. Livingston and E. O. Lawrence, 
Phys. Rev. 44, 55 (1933). 

? E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
220 (1934). 

3M. C. Henderson, M. S. Livingston and E, O, Lawr- 
ence, Phys. Rev. 45, 428 (1934). 

4E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
608 (1934). 


isotope, decays with a half-life of 15645 sec., emitting 
negative electrons and intense gamma-rays. The maximum 
range of the electrons is 0.95 g/cm* of Al, corresponding to 
an energy limit of 2 mv. The excitation curve for the 
radioactivity agrees with Gamow’'s theory of nuclear 
penetration. The alpha-particles have a range of 6.5 cm, 
giving a reaction energy of 6.6 mv for the formation of 
Mg". They are only 1/100 as abundant as the protons. 


1 cm air equivalent stopping power) so that the 
target, placed opposite the window, could be 
bombarded outside the vacuum, and therefore 
could be removed from the apparatus immedi- 
ately after exposure. 
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Fic. 1. Arrangement of target, screens and counter for 
bombarding in vacuum. 
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MINUTES AFTER ACTIVATION 


Fic. 2. Decay curve of Al radioactivity, with ordinates on 
a logarithmic scale. 


RADIOACTIVITY 


An aluminum target, exposed to 4 microam- 
pere of 1.9 mv deutons emerging from the win- 
dow for a sufficient time to give saturation activ- 
ity, was placed next to an ionization chamber 
containing a sensitive quartz fiber electroscope 
and provided with a thin aluminum window to 
admit beta-particles. The rate of discharge of the 
electroscope was followed over a sufficient time 
to allow the activity to decay by a factor of 120. 
A logarithmic plot of discharge rate against time 
(Fig. 2) was accurately linear, giving a half-life 
for the activity of 156+5 sec. The initial rate of 
discharge, extrapolated back to the time of re- 
moval from the deuton beam, was 50 divisions 
per second. One can compute roughly from the 
sensitivity (one division = 210° ion pairs), the 
geometry of the electroscope, and the ionization 
per centimeter of beta-particles, that this cor- 
responds to a rate of activation of about 3 radio- 
active atoms per 10’ deutons striking the target. 


THE RADIOACTIVE RADIATIONS 


The beta-particles were found by magnetic 
deflection to have a negative sign. Their absorp- 
tion in aluminum was studied by placing foils 
between the target and the ionization chamber, 
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Fic, 3. Absorption of beta-particles from radio-aluminum 
in Al. Absorption of radio-sodium beta-particles shown for 
comparison. 


with the results shown in Fig. 3. The curve ob- 
tained by Lawrence’ for radio-sodium is given 
for comparison. As in the case of sodium, the 
aluminum beta-particles are accompanied by an 
intense gamma-radiation,® so that the ionization 
does not go to zero as more absorber is put in. 
Allowing for this background, the maximum 
range of the beta-particles is found to be 0.95 
g/cm? of Al, corresponding, according to Feath- 
er’s’ formula, to a maximum energy of 2 mv. 
This value, in conjunction with the decay period, 
places the active body on Sargent’s* upper curve. 

The gamma-rays produce about 1/30 as much 
ionization as the beta-particles, which is the same 
ratio as was observed in the case of radio-sodium. 
This suggests, following Lawrence's’ discussion 
of that case, that there is about one gamma 
quantum per beta-particle. 

CHEMICAL IDENTIFICATION OF THE ACTIVE 

PRODUCT 

The active product is presumably an element 
near Al, and most probably Mg, Al or Si. The 
possibility of Si was eliminated by dissolving an 
activated sample of thin Al foil in HF, evaporat- 

*E. O. Lawrence, Phys. Rev. 47, 17 (1935). 

* Curie, Joliot and Preiswerk (reference 10) have re- 
ported evidence for the occasional disintegration of Al** 
with the emission of a neutron. We looked for this interest- 
ing effect with negative results. An activated Al target 
placed against a sheet of paraffin in front of a Wynn- 
Williams ionization chamber did not produce a detectable 
number of recoil proton counts, indicating that in this 
case less than 1 in 1000 of the disintegrating atoms emits 
neutrons. It should be pointed out that in the experiments 
of Curie, Joliot and Preiswerk the Al** was produced by a 
different nuclear reaction and may have different proper- 
ties. 

7 N. Feather, Phys. Rev. 35, 1559 

§ B. W. Sargent, Proc. Roy. So 


1930). 
A139, 659 


1933). 
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ing to dryness, and observing that the activity 
remained behind. Then a similar sample was 
dissolved in HCl, some MgCl, was added, and 
then an excess of KOH was added until the 
magnesium came down as a precipitate of 
Mg(OH),: while the aluminum remained in solu- 
tion. The precipitate was found not to carry the 
activity. In a third experiment the sample was 
again dissolved in HCl, and precipitated with an 
excess of NH,OH, which brings the aluminum 
down as Al(OH);. The activity was all found in 
the precipitate, showing definitely that the ac- 
tive product is an aluminum isotope. It is in- 
teresting to note that the same active substance 
has been produced by Curie and Joliot® on 
bombarding Mg with alpha-particles, by Curie, 
Joliot and Preiswerk'® on bombarding P with 
neutrons, by Fermi and his co-workers" on 
bombarding Si with neutrons, and by Amaldi, 
D'Agostino and Segré" on bombarding Al with 
neutrons. 


EXCITATION FUNCTION OF THE RADIOACTIVITY 


The number of radioactive atoms produced 
increases rapidly with the energy of the im- 
pacting deutons. The form of this variation was 
studied by using as a target a stack of thin Al 
foils (about 4 mm air equivalent stopping 
power each). Each foil receives precisely the 
same exposure to the deutons, with a difference 
in energy determined by the slowing down in the 
preceding foils. The measured activities of the 
foils are plotted against the corresponding deuton 
energies in Fig. 4. The circles are the experi- 
mental results, two different runs being shown on 
the plot. 

This sort of experiment gives directly the 
differential excitation function. This can be com- 
pared to the theoretical curve of Gamow for the 
penetration of deutons through a nuclear po- 
tential barrier. In cases where the energy of the 


-deutons is small compared to the height of the 


barrier, Gamow’s formula states that the proba- 


* I. Curie and F. Joliot, J. de phys. et rad. 5, 153 (1934). 

©. Curie, F. Joliot and I. Preiswerk, Comptes rendus 
198, 2089 (1934). 

 E. Fermi, E. Amaldi, O. D'Agostino, F. Rasetti and E. 
Segré, Proc. Roy. Soc. A146, 483 (1934). 

2 FE. Amaldi, O. D'Agostino and E. Segré, La Ricerca 
Scientifica, November, 1934. 
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DEUTON ENERGY IN MEV 


Fic. 4. Differential excitation curve of aluminum radio- 
activity. 


bility of penetration is proportional to 
(1/v*)e#e2F/ he (1)" 


where v is the velocity of the deutons and Z the 
atomic number of the bombarded nucleus. This 
curve, for Z=13, and with the scale of ordinates 
adjusted to fit the higher experimental points, 
is shown in Fig. 4. It is seen that the fit with the 
experimental points is very good, except at the 
lower energies. This “‘tail’’ on the excitation 
curve may be due to a few faster deutons ac- 
companying the main beam, or perhaps to a 
resonance penetration at low energies. 


NucLEAR Cross SECTION FOR ACTIVATION 


The nuclear cross section for activation can 
be calculated when the form of the excitation 
function as well as the absolute intensity of 
activation of a thick target is known. The value 
obtained from the preceding data is 8x10-*’ 
cm? at the maximum deuton energy of 1.9 mv. 


REcoIL OF ACTIVATED NUCLEI 


When a high speed deuton reacts with a 
nucleus, its momentum is imparted to the prod- 
ucts of the reaction. The radioactive nucleus 


% Professor Oppenheimer informs us that there is an 
uncertainty as to the precise power of v in the factor multi- 
plying the exponential. In Lawrence's paper on sodium 
1/v is used. , 
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receives most of this momentum plus a randomly 
directed momentum imparted by the other 
particle emitted in the reaction. Because of this 
randomness, the average momentum in the 
direction of motion of the deuton beam is just 
that imparted by the deuton. Dr. Kurie has 
kindly calculated that this gives the radioactive 
nuclei an average recoil range in the forward 
direction of about 0.6 mm of air for a deuton 
energy of 1.9 mv. 

The existence of this recoil phenomenon has 
been noted previously,“ and it has now been 
investigated more carefully in the case of alu- 
minum. The experimental procedure was simply 
to replace the aluminum target by one of plati- 
num, and to evacuate the space between the 
window and the target during the bombardment, 
so that the activated nuclei driven from the 
aluminum window by recoil would all be de- 
posited on the platinum. It was found that the 
activity on the platinum was 1/20 as great as 
that on an aluminum target. From the form of 
the excitation curve it is calculated that this 
amount of activity is produced in a layer on the 
surface of the window of a thickness of 0.5 mm 
air equivalent. The depth of this layer is a fair 
measure of the average range of the recoil nuclei, 
and is in good agreement with the calculated 
value. 


THE DISINTEGRATION PROTONS 


The fact that the radioactive product is an 
aluminum isotope, which decays with the emis- 
sion of a negative electron, suggests that the 
nuclear reactions concerned are: 


AP’ + D?Al**+H! (2) 
Al**-»Si?*+e-. (3) 


The protons emitted in reaction (2) were in- 
vestigated by the arrangement shown in Fig. 1, 
in which the target was in the vacuum. The 
protons emerged through a mica window and 
were counted by a Wynn-Williams counter—a 


“4 M.S. Livingston and E. McMillan, Phys. Rev. 46, 437 
(1934). The nitrogen activity reported in this letter, 
which occurs as a contamination on any target bombarded 
with deutons in air, is not sufficiently large to interfere 
with the measurements on aluminum. In some of the 
experiments reported above, the space bet ween the window 
and the target was evacuated during the bombardment in 
order to be sure that this contamination is of no importance. 
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Fic. 5. Protons from a thick Al target bombarded with 
deutons. The counting rate (corrected to include the whole 
solid angle) is plotted against the air-equivalent thickness 
of absorber. The dotted line indicates the neutron back 
ground. 


shallow (4 mm) ionization chamber and linear 
amplifier in conjunction with a cathode-ray 
oscillograph and thyratron counter. Diaphragms 
in the path of the deuton beam and between the 
target and the counter insured that only particles 
from the target could reach the counter. Alumi- 
num absorbers were placed in front of the 
counter, to obtain range curves. The deuton 
voltage in these experiments was 2.2 mv, and the 
current was usually kept small (about 0.1 uA). 

The first observations were made with a 
solid aluminum target, whose surface was care- 
fully scraped to avoid contamination. The re- 
sults are shown in Fig. 5 in which are plotted the 
numbers of protons emitted in all directions, 
calculated from the geometry of the apparatus. . 
Each point represents about 500 proton counts. 
A diaphragm was put in front of the counter for 
the points below 20 cm, to obtain a reasonable 
counting rate. A small background of neutron 
counts is indicated by the dotted line. 

It is known from other experiments (as pointed 
out by Lawrence’ in his work on sodium) that a 
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Fic. 6. Range distribution curve of protons from a thin 
Al target houiandad by deutons. The curve drawn with a 
finer line is the part beyond 20 cm with a larger scale of 
ordinates. 


homogeneous group of protons, if present, is 
indicated by this counting arrangement as a 
sharp peak of half-width 2 cm. The question 
therefore arose as to whether these results were 
to be interpreted as showing a continuous 
distribution of proton energies, or a number of 
discrete groups that are too close together for 
resolution when using a thick target. 


THIN-TARGET EXPERIMENTS 


To settle the question of the nature of the 
proton distribution in energy, a target of thin 
Al foil was used (about 2 mm air equivalent 
thickness in the direction of the deuton beam). 
The results obtained in this way are shown in 
Fig. 6; the finer curve is simply the part beyond 
20 cm plotted on a larger ordinate scale. As 
before, the readings below 20 cm were taken 
with a diaphragm in front of the counter, and 
each point represents about 500 proton counts. 
The number of proton counts is reduced by the 
use of the thin target, whereas that part of the 
neutron background not arising from the target 
is undiminished. Hence the neutron background 
appears relatively larger. 


These results show that there are two very 
strong proton groups of 10 and 21 cm range, two 
weak but clearly resolved groups of 30 and 53 
cm range, and still weaker groups between 30 
and 48 cm as well as at least one more group 
with a maximum range of 62 cm. The ranges and 
relative intensities of the resolved groups, to- 
gether with the reaction energies corresponding 
to the different ranges (obtained by allowing for 
the deuton energy and the recoil of the product 
nucleus), are summarized in Table I. The re- 


TaBLe I. Proton ranges from radioactive aluminum. 








Range (cm) Relative intensity Reaction energy (mv) 





10 7 0.6 
21 6 1.8 
30 1 2.9 
53 0.8 4.6 
62 — 5.3 








action energy of 5.3 mv presumably corresponds 
to the case in which the product nucleus is left 
in its lowest state, while in the others it is left 
in various excited states, with energies given by 
the differences in reaction energies. These ex- 
cited nuclei should give rise to gamma-rays, 
evidence for which has been found by McMillan.” 


YIELD OF PROTONS 


The total number of disintegration protons 
can be found by integrating the curve of Fig. 5, 
using as unit abscissa interval the estimated half- 
width of a sharp proton peak, namely 2 cm. 
Such an integration, making a reasonable ex- 
trapolation to zero range, showed that there are 
8 protons emitted in all directions per 10’ 
deutons (of 2.2 mv energy) striking the target. 
The yield of radioactive atoms was found to be 
3 per 10’ deutons at 1.9 mv, a number which is 
in good agreement with the proton yield when 
the change in the reaction probability between 
1.9 and 2.2 mv is allowed for. This gives further 
support to the view that the protons and the 
radioactivity arise from the same nuclear reac- 
tion. 

NEUTRONS 
The neutron background previously mentioned 


arises partly from the target and partly from 
other parts of the apparatus. It was investigated 


4% E. McMillan, Phys. Rev. 46, 868 (1934). + 






































348 E. McMILLAN AND 

— 

oO 

5i2 

2 

3 

% 

#8 

- he 

, b 

4 
5 55 6 6.5 7 

RANGE IN CM 


Fic. 7. Absorption curve of the alpha-particles from a 
thick Al target bombarded with deutons. 


more carefully by placing a sheet of paraffin in 
front of the counter, and observing the number 
of counts with a thick Al target, and then with 
an inactive target in place. It was found that the 
counting rate was doubled by putting in the Al 
target. The total yield of neutrons from the Al 
calculated on the assumption that one per thou- 
sand traversing the counter was recorded, was 
2 per 10’ deutons. The reaction concerned is 
probably : 

Al? + D?Si?* + n. (4) 


ALPHA-PARTICLES 


The counting circuit can be adjusted so as to 
record alpha-particles but not protons, and when 
this was done it was found that a few counts were 
still observed at short ranges. In this experi- 
ment the deuton current was made very small 
(0.007 wA) in order to avoid operation of the 
counter by the “‘piling up” of proton impulses, 
and the variation in range was obtained by mov- 
ing the counter. The results, shown in Fig. 7, 
have been corrected for the variation in solid 
angle and are expressed in terms of the total 
number of alpha-particles emitted in all direc- 
tions. The “step” in the curve was found in two 
separate runs, and is probably real. 

Thus there appear to be two weak groups of 
alpha-particles, of ranges 5.7 and 6.5 cm, cor- 
responding to reaction energies of 5.9 and 6.6 
mv, respectively. The yield is about 6 per 10° 


E. O. LAWRENCE 
deutons for each group, of the order of 1/100 as 
great as the proton yield. The reaction giving rise 
to the alpha-particles is: 


AF’? + D? Mg**+ Het. (5) 


EFFECTS WITH PROTON BOMBARDMENT 


By admitting ordinary hydrogen to the ap- 
paratus instead of deuterium, a beam of hyro- 
gen molecular ions (of course contaminated with 
a few deutons) was obtained. The proton energy 
in this case was 1.1 mv. By using a large current, 
a weak alpha-particle group was observed of the 
same range as found under deuton bombardment, 
accompanied by neutrons and fast protons, all 
in the same proportions as found with deutons. 
These effects were of a magnitude such as to be 
accounted for by a deuton contamination of one 
per two thousand protons. There is little doubt 
that this is the explanation, and that the protons 
themselves produce no appreciable number of 
disintegrations."® 


ATOMIC MASSES 


None of the masses concerned in any of the 
above reactions is known accurately from mass- 
spectrographic data, so that only differences 
can be computed. Assuming that the largest 
reaction energy in each case corresponds to the 
process which leaves the product nucleus in 
its normal state, and taking H'=1.0078, D® 
= 2.0136, Het=4.0022, we get: 

From Eq. (2), AP*=Al?+ 1.0001; 

From Eq. (5), AP? =Mg*+- 1.9957. 
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16 In the early experiments of M. S. Livingston and E. O 
Lawrence (Phys. Rev. 43, 369, 1933) the Geiger-counter 
observations of the radiations from Al bombarded by 
protons which were thought to be alpha-particles, were 
doubtless due to soft x-rays. 
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Band Systems of MgCl, CaCl and SrCl 


ALLAN E, PARKER, Columbia University 
(Received December 7, 1934) 


A vibrational analysis has been made of band systems 
due to MgCl, CaCl and SrCl. There are two systems due to 
MgCl with vg* =26,441.5, w’ =474.8 and w” =447.4 for 
the more intense system and vg = 25,887.2, w’ = 466.9 and 
w”’ =447.4 for the less intense system. CaCl has three 


” 


extensive systems with vp =16,093.5, w’ =367.1, w 
= 364.5; vp = 16,850.6, w’ = 361.0, w = 364.0; vp = 26,498.9, 
w’ = 336.0, w”’ =368.3, respectively. There are also three 
weakly developed systems. Two strong systems of SrCl 
are observed with the respective constants vp, = 15,716.9, 


INTRODUCTION 


HE existence of many of the bands whose 

analysis is recorded here, has been known 
for a considerable time. Olmsted! photographed 
a number of them and Mecke’ using his data 
made an analysis of certain of these. Walters 
and Barratt* photographed the bands of MgCl, 
CaCl and SrCl in absorption using a prism 
instrument, but made no attempt at analysis. 
Hedfeld* has analyzed the visible CaCl and SrCl 
bands using spectrograms taken in the first order 
of a twelve-foot grating. 

No analysis has been reported previously of 
the MgCl bands. While analyzing these it seemed 
worth while to investigate the bands of CaCl and 
SrCl as well, improving the measurements and 
thereby the accuracy of the analyses. 


EXPERIMENTAL PROCEDURE 


The SrCl, CaCl and MgCl bands were excited 
by means of an arc between a water-cooled 
nickel anode and a copper cathode in the form 
of a cup, the cup containing the anhydrous 
chloride whose diatomic spectrum it was desired 
to investigate. The arc current varied from 5-8 
amperes with a 220 volt d.c. main. The arc was 
operated in a bulb containing helium, nitrogen 
or hydrogen at a pressure of 5-10 cm of mercury. 


. flame head 

1C. M. Olmsted, Zeits. f. wiss. Phot. 4, 255, 293 (1906). 

?R. Mecke, Zeits. f. Physik 42, 390 (1927). 

70. H. Walters and S. Barratt, Proc. Roy. Soc. A118, 
120 (1928). 


*K. Hedfeld, Zeits. f. Physik 68, 610 (1931 


w’ = 306.3, w’=301.6 and »g=25,245.5, w' =280.4, w” 
= 300.6. SrCl has three poorly defined systems as well. The 
isotope effect due to Cl® and Cl” is observed in all transi- 
tions. 

The rotational structure is partially resolved for most 
systems, and in the ultraviolet CaCl bands sufficiently to 
estimate that B’=0.24 and B” =0.26. The electronic 
states and dissociation products are discussed. All values 
are expressed in cm™. 


Hydrogen was found to be the most suitable gas. 
The majority of the spectrograms were taken in 
the first and second orders of the twenty-one foot 
grating of Yale University, which is in a stigmatic 
mounting, giving a dispersion in the second 
order ranging from 2.2A/mm to a 2.5A/mm 
depending on the spectral region. Certain plates 
of CaCl were taken in the second order of the 
twenty-one foot grating of Columbia University 
which is in an astigmatic mounting and whose 
dispersion for the region and order investigated 
is 1.3A/mm. 

The visible bands were photographed on East- 
man hypersensitive panchromatic plates with the 
addition that the red SrCl band was also photo- 
graphed on Eastman I-C plates. The ultraviolet 
bands were photographed on either Eastman 33 
or Eastman 40 plates. The exposure times were 
of the order of fifteen minutes for the visible 
bands and several hours for the ultraviolet bands. 
An iron comparison spectrum was placed on each 
spectrogram. 

The spectrograms were measured on the com- 
parator of New York University, and I wish to 
thank Professor E. O. Salant for the opportunity 
of using it. 


McC. BANDs 


The existence of bands in the ultraviolet due 
to MgCl was reported by Olmsted.' The bands 
have two heads and degrade to the violet. We 
can therefore assign them as the P,; and P; 
heads of a *2—*Z or a *II—*II transition. The 
Av=0, +1, +2 sequences are observed. The 
positions of the heads of the MgCl** band are 


349 
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TABLE I, Vibrational assignments of the P, and P; heads of MgCl. 
wv —v"’ +1 0 = j — 
v”’ P, P, P; P, P, P, P, P, 
0 26963.4 26958.0 26477.6 26455.0 
1 84.0 516.3 503.2 26033.6 26019.4 
2 27003.9 98.3 40.7 33.1 75.1 57.3 
3 23.0 27016.9 65.5 57.8 103.3 25643.3 25625.7 
4 40.5 35.1 87.5 81.3 28.2 118.4 66.6 58.0 
5 56.8 50.7 609.2 604.7 49.4 87.3 
6 75.3 68.8 27.3 
7 91.5 45.6 
8 104.8 99.0 





given in Table I, the Av=-+2 sequence being 
omitted as these bands were too weak for 
accurate measurements. From the AG(v) values 
given in Table II the following equation is 
set up: 


v= 26441.5+[474.8(0’ +4) —2.5(0'+4)?] 
— [447.4(v"’ +4) —1.6(0’’ + 4)*]. 


A noticeable feature of these bands is the fact 
that bands involving the v’ = 0 level are markedly 
shifted from their normal position. This is doubt- 
less due to a perturbation which has a maximum 
value at the head of the band. Further perturba- 
tions though not of the same magnitude exist in 
the v' =7 level and possibly v’ =8 as well. Bands 
due to MgCl’ are observed in the appropriate 
positions. 

Besides the bands comprising this system, 
three others of quite appreciable intensity were 
observed whose frequencies are: 25,896.1 cm™', 
25,915.1 cm™ and 25,932.8 cm~. The assumption 
can be made that they are the (0,0), (1,1) and 
(2,2) bands, respectively, of a weaker MgCl 
system. Assuming that the final state is common 
to both systems we can fit them to the equation 


v= 25,887.2+[466.9(0' +4) —2.3(0' +4)?] 


—[447.4(v" +4) —1.6(0 +4)?]. 


The bands observed by Querbach® in the 


TABLE II, Average AG(v) values for the X and B states of 
MeCi. 








~ 


/ 


v 0 1 2 3 4 5 


X 445.6 442.3 438.0 435.9 431.3 429.5 42 
B 484.3 467.2 462.7 458.4 453.0 447.6 44 





¢ 
9.7 
8.1 445. 


9 








* J. Querbach, Zeits. f. Physik 60, 109 (1931). 





region of 7800-8100A, which he thought niight 
be attributed to MgCl, were sought by using 
Eastman I-N plates but the bands were not 
observed. 


CaCL BANDs 


CaCl has a number of band systems and of 
these three are well developed. Two systems in 
the red are observed with the Av=0, +1 se- 
quences and one system in the ultraviolet with 
the Av=0, +1, +2, +3 sequences. The band 
system furthest to the red degrades to the violet 
and has four heads. Hence it is a *Z, *II transition 
and the head-forming branches are the P;, Q,, 
P, and Q: branches. Table III lists the heads of 
this system due to CaCl**. Several bands not 
recorded by Hedfeld‘ are observed in the Av 
= +1 sequences and therefore his (v’, v’’) assign- 
ments must be increased. Table IV contains the 
average AG(v) values for both Q branches. The 
equations obtained for the Q heads are: 


v= 16,093.5 + [367.1(0’ +4) —0.91(0’ +4)? ] 
— [364.5(v"’ +4) —0.80(0’’ + 4)? ], 


= 16,164.0+[355.3(0’ +4) —0.45(v’ +4)°] 
—[352.6(v” +4) —0.33(v +4)*]. 


Besides this system there is another system in 
the red as reported by Hedfeld, and our measure- 
ments agree with his for the most part. Each 
band has but a single head and hence we are 
led to assume that the system is a *2—*Z or a 
*1I—*II system with the same doublet splitting 
in both states. As the bands degrade to the 
violet, the heads are due to the P; and P, 
branches. The positions of the heads are recorded 
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TABLE III. Vibrational assignments of the P and Q heads of the A—X CaCl bands. The mer pe pg should be interchanged 




















for this and subsequent band systems if the lower state is a “II state instead of a *E state. 
v’—v”’ +1 0 —1 

vo” 0; P; ee P, er P; QO: P, 0: P; Qs 
0 16452.0 16493.8 16509.9 16062.5 .16094.8 16141.8 16164.3 
1 54.2 98.7 13.7 64.1 97.3 44.1 66.9 15704.7 15722.1 15782.0 15803.2 
2 56.4 502.4 16.7 65.9 99.6 46.4 69.3 10.5 27.8 87.2 08.2 
3 58.2 05.9 19.6 67.5 101.8 47.3 71.3 15.3 33.1 91.7 12.8 
+ 59.7 21.9 68.6 03.8 73.2 19.9 38.4 96.2 17.5 
5 60.7 24.3 69.5 05.6 74.8 24.3 43.3 800.6 21.7 
6 61.6 26.3 70.1 07.0 76.1 27.8 48.3 04.5 25.4 
7 62.1 28.1 08.2 76.8 32.1 52.2 08.2 
8 29.5 78.1 35.6 56.3 
9 30.8 78.8 42.0 60.1 

10 31.7 63.7 

11 32.4 66.9 

12 69.9 

13 72.6 

14 75.0 

15 77.3 











TABLE IV. Average AG(v) values for the Q heads of the 
A—X CaCl transition. 


TABLE V. Vibrational assignments of the P heads of the 
B—X CaCl™ bands. 














xX Al 

v Q1 Qs V1 Q: 
0 363.7 352.1 366.2 354.7 
1 362.1 351.6 364.1 354.0 
2 360.6 350.9 362.8 353.0 
3 358.9 350.1 360.9 352.2 
4 357.3 349.3 359.1 350.9 
5 355.5 348.8 357.0 350.1 
6 354.1 355.3 











in Table V for CaCl. In Table VI are given 
the values of AG(v) from which the following 
equation is derived for the heads: 


v= 16,850.6+[361.0(v’ +4) —1.2(v’ +4)?] 
—[364.0(0 +4) —1.0(0" +4)*]. 


In the ultraviolet there is a system of CaCl 
bands observed by Olmsted.' These bands exhibit 
four heads degrading to the red. These must be 
the Ri, Q;, Re and Q: heads of a transition 
between a *= and a *II state. The vibrational 
assignments for these bands are given in Table 
VII for the CaCl** molecule. The AG(v) values 
are recorded in Table VIII. By means of these 
we arrive at the following equation to represent 
the stronger Q heads 


vy = 26,498.9+[336.0(v’ +4) —1.4(0 +4)"] 
—[368.3(v" +4) —1.5(0"+4)?]. 








v’—v” +1 0 —1 
v”’ P P P 
0 17207.0 16847.5 
1 00.0 43.3 
2 192.6 39.7 
3 84.6 35.7 16478.9 
4 77.3 31.3 75.2 
5 68.0 26.6 71.6 
6 58.6 21.5 67.4 
7 16.2 
& 10.5 
9 04.5 
10 798.0 
11 91.4 
12 84.2 
13 76.6 
14 68.5 
15 59.3 
16 51.5 








TABLE VI. Average AG(v) values for the B~X CaCl* bands. 











‘ 0 i 2 3 4 5 
x 358.9 356.9 355.3 352.9 


B 354.9 352.5 350.5 347.8 








The most interesting feature of these bands is 
that the rotational structure is particularly open. 
In fact as will be discussed later estimates can 
be made of B’ and B”’. , 
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TABLE VII. Vibrational assignments of the R and Q heads of the C—X CaCl* bands. 
v’ v” 0 1 2 3 4 5 6 
R; 26563.5 
9 |.:0s 26558.8 26191.8 
| Ri 26486.5 
| Q 26482.8 26115.4 25750.5 
| Rs 
1 V2 26893 .4 26161.1 25793.6 
R, 26820.9 25368.8 
?1 26816.4 26451.0 26084.5 25715.6 25364.2 
R» 26856.7 
> V2 27216.6 26852.3 
7 R, 26785.2 
?: 27141.1 26780.7 26419.7 26059.3 25694.1 25330.6 
R; 27185.9 26820.9 
3 V2 27183.8 26816.4 
R, 27460.1 27111.4 
Vv; 27 57 27108.7 26024.5 25667.0 
R, 
O. 
4 R, 
V) 27073.1 26718.4 26003.7 25636.1 
R; 
Oz 
5 R, 
0; 27040.8 
R; 
Os 
2 
ae 27358.3 
0; 27354.7 
Besides these well-developed systems there Tasre VIII. Average AG(v) values for the C—X CuCl 
, transition. 
are several fragmentary systems. Walters and . 
Barratt® observed CaCl bands in the ultraviolet, 0 , 2 3 
beyond the sy stem last mentioned. These bands ¥ 360.6 364.1 361.3 3584 
were very weak in absorption and such was ( 334.4 332.2 326 
found to be the case in emission. Table IX gives 
the position of what is apparently the Av=0 
sequence of a group of single-headed bands _ TABLE IX. Vibrational assignments of the far ultraviolet 
CaCl*® bands. An atomic line partially obscures the (6,6 


arising from a *2—*> or a *II—°*II transition 
with the same or negligible separations of the 
substates. For v=2, 8, 9 and 10, two heads are 
observed. This is probably due to perturbations 
in the upper state. There are a few additional 
weak bands in the region from 31,000 cm™ to 
33,000 cm=! but form any 
definite sequence. 

In the neighborhood of the red bands, there 
are two groups of weak bands comprising por- 
One group 


apparently consists of two branches of a single 


not sufficient to 


tions of two additional systems. 


sequence. The positions of these bands are given 


head. 


0 33685.6 
1 78.3 
2? 68? 64.9 
3 52.7 
4 43.1 
5 31.7 
6 20.3 
7 07.7 
8 595.2 90.3 
9 R55 R1.¢ 
10 65.2 52) 
11 52.3 
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TABLE X. Additional weak bands of CaCl. 


16392.3 16408.9 15646.9 


93.2 09.8 47.4 
94.2 11.1 48.0 
96.0 13.0 . 48.7 
97.5 15.0 49.7 
16.7 50.6 
18.9 
20.8 


in Table X. The small separation between the 
heads of the sequence shows that the w values 
of the states involved are quite comparable. 
Another group of bands of similar spacing is also 
observed and likewise recorded in Table X. 
However these two groups cannot be related to 
one another except as the components of a *, *1I 
transition, for the separation between the two 
lowest bands bars the possibility of their being 
different sequences of the same system. 


SrCi BANDs 


SrCl gives rise to two intense band systems 
one in the red and one in the ultraviolet. The red 
bands for which the Av=0, +1+2 sequences are 
observed, exhibit four heads, P:, Q:, P2 and Qs. 
Table XI lists the bands of this system due to 
SrCl**. From the AG(v) values in Table XII, we 
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obtain the following equations for the heads of 
the Q branches: 


v=15,109.5+[302.6(v’ +4) —0.82(0’ +4)?] 

— [296.7 (v’’ +4) —0.93(0" +4)? ], 
v=15,716.9+[306.3(v' + $) —0.76(0’ +4)" ] 

— [301.6(0” + 4) —0.63(v” + 4)*]. 


The ultraviolet bands contain some members 
of the Av=2 sequence as well as the Av=0, +1 
sequences. These bands degrade to the red and 
the four R:, Qi, Re and Q: branches form heads. 
These are listed in Table XIII for SrCl** and 
the AG(v) values in Table XIV. The following 
equations may be deduced for the Q heads: 


v= 25,245.5+[280.4(0’ + 4) —0.56(0’ +4)? ] 
— [300.6(v’ + 4) —0.78(0” +4)*], 

v = 25,401.7+[279.3(v' + 4) —0.80(0’ +4)? ] 
— [298.9(0" +4) —1.3(0 +4)? ]. 
In addition to these bands several fragmentary 
systems are observed in the region of the red 
transition. These scattered sequences are ap- 
parently portions of three additional band 
systems. The positions of the various heads are 
given in Table XV for the best developed group. 


TaB_e XI. Vibrational assignments of the A—X SrCP* bands. As remarked above, the subscripts must be interchanged 
if the ground state is the *II state. 


—{ 4+] 0 
ev” Q Oz QO 
0 15420.6 16028.6 15115.3 
1 25.1 30.4 22.5 
2 29.6 32.9 29.3 
3 33.8 34.6 36.0 
4 39.8 36.5 42.6 
5 42.4 38.4 48.9 
6 39.9 55.6 
7 41.5 
& 43.0 
9 

P P, P, 
0 15401.5 16007.6 15101.2 
1 06.4 09.9 07.2 
2 11.2 12.7 
3 16.0 15.0 
4 17.0 
5 18.8 
6 20.4 


j 22.0 


—1 —2 
i) Vv; ) 0) 
15721.6 
26.5 14821.8 15422.1 
30.8 28.7 27.1 14529.2 
35.1 35.6 31.8 38.9 
39.0 42.7 36.5 48.1 
43.1 ( 41.0 56.4 
46.9 55.9 45.2 
50.3 62 50.1 70.0 
55.2 
59.2 
P P, P 
5712.8 
17.3 14797.7 15401.5 
21.6 804.6 06.4 
25.6 11.8 11.2 
29.6 18.6 16.0 
33.4 


Se ee eee 
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TaBLe XII. Average AG(v) values for the Q heads of the 
A—X SrCl* transition. 











xX 1 

v ?; Or 0; QO» 
0 300.8 295.8 305.8 301.8 
1 299.5 294.1 303.8 300.0 
2 298.4 292.4 302.7 298.4 
3 297.1 290.3 301.0 296.9 
4 295.7 299.8 

5 294.7 298.5 

6 293.2 296.6 





Here we appear to have two sequences of a 
system, presumably the Av=0, —1 sequences, 
which forms but one head. Besides these there 
are two groups, listed in Table XV, which 
cannot be correlated with each other or with the 
stronger group. One of these groups is single- 
headed and the other double-headed. The po- 
sitions of the bands, the magnitudes of the 
separations between the bands of a sequence 
or the increase or decrease in the values of these 
separations prohibit the correlation of these 
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groups either with one another or with the strong 
band system in this region. The fact that Walters 
and Barratt failed to observe them in absorption 
may be due to their low intensity or to the fact 
that the lower state of these bands is not the 
ground state of the SrCl molecule. 


CaCL ROTATIONAL STRUCTURE 


With few exceptions all the bands whose 
analysis is given above exhibit partially resolved 
rotational structure. In the near ultraviolet CaCl 
system, the rotational structure was more com- 
pletely resolved than in any of the other band 
systems. The rotational structure of the (0,0) 
band was especially noticeable as the two P 
branches are completely resolved to the origin 
which is quite remarkable for a molecule both 
of whose atoms have atomic weights of this 
magnitude. A number of weak lines associated 
with the P,; and Pz lines of high J value are of 
the appropriate intensity for lines due to CaCl*’ 


TABLE XIII. Vibrational assignments of the B—X SrCl® bands with subscripts provisionally indicated 





v’—v"’ +1 0 

oe” Os 0; Q 

0 25673.5 25514.8 25392.0 
1 52.7 494.1 72.8 
2 30.9 72.4 

3 12.0 52.1 

4 32.2 

5 

6 | 

7 | 

: | 

9 | 
10 
11 | 
12 

R, R, R, 

0 25678.5 25520.6 25396.9 
1 58.5 498.7 78.1 
2 37.8 77.2 

3 16.8 55.6 

4 

5 

6 

7 

8 

9 
10 





=} 4 
OF V2 Vv i) 
25235.5 
15.3 25097.3 24934.8 
80.7 16.4 
57.2 898.9 
40.5 80.7 
| 
| 
22.6 63.1 24747.6 
| 45 7 32 
17.9 
03.1 
O89_0 
74.5 
60.5 
46.6 
R R; R R 
25240.2 
20.3 25102.5 24940.5 
085.8 22.2 
63.3 04.1 
46.2 886.0 
30.1 68.5 24754.4 
13.1 50.7 
681 H 
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TABLE XIV, Average AG(v) values for the Q heads of the 
B-—X SrCl transition. 











xX B 
v ey QO: Q: Q: 
0 297.7 300.1 278.5 279.9 
1 292.1 299.0 279.9 278.8 








and they are in the appropriate position for these 
lines. The P; and P; lines for both CaCl** and 
CaCl? are given in Table XVI. The fact that 
the bands have four heads indicates that they are 
due to a transition between a *2 and a II state. 
We may estimate the values of B’ and B” in 
the following manner. For such a transition, the 
separation of the P lines near the origin is 
approximately B’+ B’’. The separations of the 
heads of the R branches from their respective 
origins is given by the expression 


v(Rheaa) = — (B’ +B” )?/4(B’ — B”). 


By means of these two relationships we can 
deduce that: 


B” =0.26 cm™ 

I” =106(10)~* g cm 
r’’ =1.86(10)-§ cm 
wr? = 2340 cm? 


B’ =0.24 cm™ 
I’ =115(10)-* g cm 
r’ =1.93(10)-* cm 
wr? = 2430 cm’. 


The values of B” and B’ are the average of the 
values obtained from the sub-ones and the sub- 
twos. An approximate value of A can be secured 
from the separation of the lowest P lines, 
assuming negligible splitting in the *2 state. On 
this basis A is 77.4 cm. Hence Y=|A|/B is 
310 and we see that the *II state is close to case a. 


ELECTRONIC STATES 


In Table XVII the following constants : vg, A*, 
wa, Xawa, 7, D and »g+D’—D" are collected for 
the various alkaline-earth chlorides. A* repre- 
sents the separation of the two substates as 
determined from the separation of the two (0,0) 
bands and is not the true A value unless one of 
the electronic states involved has negligible 
doubling. The values of r are estimated from 
the empirical relationship that wr? is approxi- 
mately 3000. The values of Fredrickson and 
Hogan® for BeCl are included in this table as 
are the values of the writer’ for BaCl. The bands 
of BeCl previously reported in an abstract* have 
since been found to be spurious. From the work 
of Walters and Barratt we know that the bands, 


*W. R. Fredrickson and M. E. Hogan, Jr., Phys. Rev. 
46, 454 (1934). 

7A. E. Parker, Phys. Rev. 46, 31 (1934). 

* A. E. Parker, Phys. Rev. 45, 752 (1934). 


TABLE XV. Additional weak bands of SrCi. The two missing heads in the first sequence are due to superposed atomic lines. 
The first two sequences may be correlated with the » numbering shown. 























vt 1] 0 

—|— - a= P P P 
t P P 

0 16164.5 15470.8 16469.4 16475.1 16846.9 
4 67.0 75.3 50.5 55.2 43.4 
= 3 69.4 79.4 31.8 34.7 | 39.7 
3 | 71.8 83.3 14.5 17.0 35.3 
4 | 73.2 86.9 398.3 | 02.6 31.1 
5 74.9 90.5 85.3 389.7 26.0 
6 76.1 94.1 21.2 
7 97.7 15.5 
g 501.0 10.0 
9 04.1 804.0 
10 | 797.7 
11 | 10.4 90.9 
12 14.1 

13 | 16.8 

14 19.7 

iS | 22.6 

16 | 


18 30.5 








Ne eee 








356 ALLAN E. 





PARKER 


TABLE XVI. Rotational assignments of the P lines of the (0,0) band of the near ultraviolet C—X CaCl system. M is used as 


the quantum number since the proper J values cannot be determined. 








P, P, . “407 | 


M CaCl*® CaCl” CaCl*® CaCl 
0 26473.43 26559.76 
1 72.91 50.26 
2 72.38 49.72 
3 71.80 49.12 
4 71.09 48.55 
5 70.36 47.93 
6 69.68 47.35 
7 68.92 46.72 

68.27 46.09 

9 67.58 45.40 

10 66.80 44.69 

11 65.97 43.97 

12 65.30 43.23 

13 64.37 42.47 

14 63.50 41.71 

15 62.72 40.99 

16 61.74 40.17 

17 60.95 39.35 

18 58.86 38.51 

19 57.91 37.65 

20 57.19 36.78 

21 56.17 35.88 

22 55.23 34.98 

23 54.08 34.01 

24 53.02 33.10 

25 52.01 32.15 

26 50.95 31.21 

27 49.65 30.20 

28 48.28 26450.17 29.16 

29 47.19 48.74 28.18 

30 46.34 27.11 

31 45.27 26.08 

32 44.12 24.94 

33 42.87 23.87 

34 41.56 22.72 


other than BeCl, involve the ground state of the 
molecule as they appear in absorption. Now 
Hedfeld has advanced the hypothesis that the 
ground state is a *II state, on the basis of a 
comparable doublet separation of certain of the 
bands of particular molecules. This agreement is 
found in the case of only one chloride, CaCl, as 
is readily seen from Table XVII. BeCl and SrCl 
are represented by transitions between *> states 
and *II states and it is impossible to decide which 
of these is the ground state. The bands of MgC! 
are either *>—*> or *I1—*II transitions and here 
too no decision may be reached. In the case of 
BaCl which was discussed previously’ the assign- 
ment of the lower state as a *S state may be 
made on the basis of the fact that the ultraviolet 


P, P 

M CaCl* CaCl” CaCl* CaCl 

35 26449.39 26442.08 26521.58 

36 39.98 20.46 

37 37.84 19.29 

38 36.60 18.08 

39 35.19 16.86 

40 33.83 15.55 
41 32.46 14.36 

42 31.04 13.07 

43 29.66 31.79 11.78 
44 28.18 30.31 10.52 

45 26.74 28.84 09.13 

46 25.32 27.37 07.91 

7 23.77 25.87 06.59 
48 22.27 24.43 05.12 

49 20.75 03.78 26505.82 
50 19.22 21.52 02.32 04.38 
51 00.92 

52 $99.55 00.55 
53 97.97 

54 96.43 498.56 
55 95.00 97.09 
56 93.48 95.58 
57 92.11 

58 90.42 

59 RR_R7 91.18 
60 7.08 89.57 
61 R581 88.13 
62 84.08 

63 87.40 

64 80.75 

65 79.2? 

00 77.60 

67 76.15 78.99 
68 74.69 6.71 
69 72.91 75.62 


bands are a single-headed transition and hence 
are either a *2—*L or a *IIi—?*II transition. 
If the latter is the case it would be extremely 
fortuitous if the A constants of the two states 
were identical as would be necessary for the 
production of a single-headed band system. 
However negligible spin-doubling of the ?= states 
is to be expected and on this basis the assign- 
ments in reference 7 were made. The approximate 
agreement of the doublet separation of the 
ultraviolet CaCl bands and the A —X red CaCl 
bands makes Hedfeld’s hypothesis feasible for 
this molecule. But the single-headed B—X CaCl 
bands must then be explained as a *II—?II 
transition with identical A values for the two 
states which seems dubious. 
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TaBLE XVII. Constants of the alkaline-earth chlorides. All values are expressed in cm™ with the exceptions that r is 
expressed in Angstroms and that the atomic excitation, yg +D’—D” is also given in volts. A* represents the doublet 


separation of the bands. 















































State "re A* Wh Xpwr r D +D'-o 
A 27970.5 824.2 6.0 1.5 28,100 21,000 2.59 
BeCl X 846.6 5.1 1.5 35,100 
B 26441.5 22.6 474.8 2.5 1.9 23,000 18,200 2.25 
A 25887.2 466.9 2.3 1.9 21,700 16,300 2.02 
MgCl X 447.4 1.6 1.9 31,300 
D 33689 357 
c 26498.9 76.0 336.0 1.4 2.1 20,200 23,600 2.91 
B 16850.6 361.0 1.2 2.0 27,400 11,600 1.45 
A 16093.5 70.5 367.1 0.91 2.0 37,000 11,800 1.46 
368.3 1.5 2.0 23,100 
364.0 1.0 2.0 32,600 
CaCl X 364.5 0.80 2.0 41,300 
B 25245.5 156.3 280.4 0.56 2.2 22,500 18,800 2.32 
A 15716.9 607.4 306.3 0.76 2.1 30,800 7,400 0.91 
300.6 0.78 2.1 28,900 
SrCl X 301.6 0.63 2.1 39,100 
» 27097.3 311.5 0.93 2.1 25,500 34,600 4.27 
B 25496.9 304.6 1.04 2.1 22,300 29,800 3.68 
A 19450.1 387.2 285.0 0.79 2.2 15,800 16,800 2.08 
278.8 0.75 2.2 
279.1 0.78 a 
0.80 2.2 18,000 


BaCl X 280.5 


DISSOCIATION PRODUCTS 


The question of dissociation products is one 
of particular interest. The molecules whose con- 
stants are listed in Table XVII are all alkaline- 
earth chlorides. The lowest states of the Cl 
atom are the (3p)° *P 1/2, 3/2 levels whose separa- 
tion is 0.11 volt. The next lowest state of Cl is 9 
volts higher. So we see that the atomic excitation 
differences, given by ve +D’—D” in Table XVII 
represent the excitation of the alkaline-earth 
atom. Now the accurate determination of this 
quantity depends on several facts. First there 
is the question of the effect of higher power 
terms in the expression for G(v) which will 
certainly cause a decrease in D. This effect is to 
some extent minimized as the decrease in both 
states may make the relative change smaller. 
This might be expected to be the case for states 
such as those under consideration here. Then 
there is the question of the accuracy of the de- 
termination of x,w,. The dissociation energy is 
quite sensitive to small changes in x,w, and so 
our values of the atomic excitation will be in 
error from this cause as well. Hence definite 
assignments of dissociation products cannot be 
made but estimates may be given. 


Fredrickson and Hogan have correlated the 
excitation of the Be atom resulting from the 
dissociation of the two states of BeCl with 
the (2s)(2p)'P and (2s)(3d)'D levels of Be. 
These levels are separated by 2.70 volts. But 
this assignment is open to considerable question 
as they have since informed me by private 
communication. For equally good agreement 
between atomic and molecular values may be 
obtained by using the separation of the (2s)? 'S 
and (2s)(2p) #P states which is 2.70 volts or the 
separation of the (2s)(2p)*P and (2s)(2p)'P 
states which is 2.54 volts. 

For the MgCl molecule it seems probable that 
the two excited states give rise to the same 
dissociation products. The best agreement with 
atomic spectra is the separation of the (3s)(3p) *P 
and the (3s)(3p) 'P which lies 1.63 volts above it. 
The ground state of Mg is a (3s)? 'S state and it 
lies 2.69 volts below the (3s)(3p)*P state. It 
seems more probable that the molecular value is 
too high as a greater effect is to be expected for 
the higher order terms in the G(v) equation for 
the excited state than for the ground state. 
Hence it seems probable that the first of the two 
possibilities is the correct one. . 
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In the case of CaCl and of SrCl, no definite 
assignments may be made, while for BaCl this 
has been discussed previously’ with the con- 
clusion that the ground state of BaCl does not 
dissociate into a Ba atom in its ground state and 
that the probable products of the X and A states 
of BaCl are, respectively, (6s)(5d)'D and 
(6s)(6d) 'D states of Ba. 

For both MgCl and BaCl it seems likely that 
the ground state gives rise upon dissociation to 
an excited Mg and Ba atom, respectively. From 
the spectra of CaH, SrH and BaH, we know that 
the dissociation of these molecules gives rise to 
an excited atom. And by analogy we may assume 
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that the same is true for CaCl and SrCl. Finally 
we may arrive at the conclusion that an atom in 
a ground (ms)? 'S state will not in general form 
a stable molecule. This fact has been previously 
discussed by Lessheim and Samuels? and others. 

The author wishes to thank Professor L. W. 
McKeehan for the opportunity of using the 
facilities of the Physics Laboratory of Yale 
University, where most of the spectrograms were 
obtained. The advice and interest of Professor 
W. W. Watson are also gratefully acknowledged. 


*H. Lessheim and R. Samuels, Zeits. f. Physik 84, 637 
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The Band Spectra of the Hydrides of Lithium 
Part I: Li? D 


F. H. CRAWFORD AND T. JORGENSEN, JR., Physics Research Laboratory, Harvard University 
(Received December 28, 1934) 


The 'Z->'E spectrum of LiD has been photographed in 
absorption in the second order of a 21-foot grating giving 
a dispersion of 1A/mm. The spectrum is a headless con- 
course of lines stretching from 43200 to \4300A. About 
80 percent of the lines (over 1400 in all) have been measured 
and assigned to 35 two-branch bands. The initial and final 
double differences, A; F,’ and A.F,”, for Li? D have been 
represented as functions of J by a semigraphical method; 
these represent the observed data on the average to within 
+0.023 cm for the upper state and +0.019 cm for the 
ground state. This gives B,’=1.6060," D,’=4.8X10-*, 
B,”’ =4.2338 and D,”’=2.756X10-*. By using the rota- 
tional constants so determined the origins of the bands 
involved were computed and the values of AG’(v+4) and 
AG’’(v+4) represented by least-square expressions in 


INTRODUCTION 


HE spectra of the hydrides of the alkali 

metals are of unique interest among di- 
atomic spectra because of the presence of certain 
anomalies. If we represent the total energy, 
E/he (in inverse cm), of a rotating vibrator in 
the usual notation! 


! Jevons, apes on Band Spectra, Cambridge, 1932. 
Here, to avoid confusion the coefficient of J*(/+1)* in 
Eq. (3) has been written H, instead of F,. 


(v+ 4). The AG’-values require a fifth degree polynomial 
while the AG” values are represented closely by a cubic. 
The corresponding expression for the origins of the whole 
system represents the data with an average deviation of 
+0.04 cm. Here w,’=183.12, w,’x,’=—12.741, w,” 
= 1055.12, and x,’’w,”" = 13.228, with the electronic origin 
at »,=26,512.05. The corresponding vibrational constants 
for Li®H are computed from the simple isotope theory 
and although they differ considerably from the results of 
Nakamura, represent the isotope shifts within the rather 
large uncertainty involved. The question of possible 1- 
uncoupling is examined and no conclusive evidence is found 
for an appreciable l-uncoupling in either state of Li™D. 
This is contrary to the accepted interpretation of the 
anomalies of the spectrum. 


E/h.=v.+G(v)+F,(J), (1) 
where 


G(v) = w,. (0+ 4) = {w.—x.w.(v+4) + y.w.(v +4)? 


+2,0(v+h)>+---}(v+4) (2) 
and 
F.(J)=B,J(J+1)+D,J7(J+1)? 
+H,F(J+1)8+---. (3) 


Then in a normal band spectrum certain general- 
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izations can be made regarding certain of the 
coefficients involved. Thus the coefficients x,, y., 
z.-*+ in Eq. (2) decrease in magnitude in this 
order and x, is normally positive and of such 
value that as more and more vibrational energy 
is added the vibrational rate decreases steadily 
from its value for small vibrations to the neces- 
sary limit of zero at dissociation. If likewise we 
represent B,, D, and H, as functions of (v+4) 
we have 


B,=B,+ a;(v+})+a2(v+4)*+---, (4) 
D,= D.+ 8i(v+4) + B20 +4)? +: --, (5) 
H,=H.+yi0+43)+720+3)?+---, (6) 


where |a;|>J/a:|, etc., and in general a is 
negative causing B, to decrease monotonically 
with v. Since B,=h/8&rclI, this implies that the 
asymmetry of the vibrations together with the 
centrifugal effect of rotation causes the average 
of h/&xcur*, where u is the reduced mass of the 
molecule and r the distance between nuclei, to 
decrease steadily with v. 

Now in the case of the-'Z-—' bands of the 
alkali hydrides, x,’ is negative and a,’ is positive 
so that both w,’ and B,’ at first increase with v’, 
attain maximum values (at different values of v’) 
and thereafter decrease in regular fashion. This 
anomalous behavior is observed only in excited 
states and decreases rapidly in importance from 
LiH to KH. Furthermore in molecules in which 
the rotation does not affect the quantization of 
the l-vector the coefficient D, in Eq. (3) is 
determined by the centrifugal stretching of the 
molecule. Hence as Kratzer? has shown for 
the vibrationless state it depends only on the 
curvature of the potential curve at the minimum, 
i.e., 

D, = —4(B,)*/w/, (7) 


a relation fairly closely verified by observation. 
In the case of LiH Nakamura’ has photo- 
graphed the spectrum both in emission and 
absorption and carried out the analysis of the 
Li®H and Li‘H bands. As Weizel* has pointed 


? Kratzer, Ann. d. Physik 67, 127 (1922). 

*G. Nakamura, Zeits. f. physik. Chemie B80 (1929); 
Zeits. f. Physik 59, 218 (1930). G. Nakamura and T. 
Shidei, Proc. Imp. Acad. Japan 7, 303 (1930); Jap. J. 
Phys. 7, 33 (1931). 

* Weizel, Zeits. f. Physik 60, 599 (1930). 
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out Nakamura’s results seemed to indicate 
that the empirically determined coefficients of 
J*(J+1)? in Eq. (3) were numerically much too 
small compared with the coefficients of J(J+1) 
and hence that Kratzer’s relation, Eq. (7), was 
not even approximately true [i.e., observed 
values of D,’ were only half of those computed 
from Eq. (7) ]. If this is true it would suggest 
that the coefficients in Eq. (2) had lost their 
normal mechanical significance. But as Hill and 
Van Vleck’ and Dieke* have shown in the 
presence of the rotational uncoupling of the 1- 
vector of a single p-electron in a p—'Z state— 
when the uncoupling effect of rotation is small— 
we may write the rotational energy of Eq. (3) 
(to a constant) as 


F(J)=XJI(J+1)+ZS7(J4+1)?+---, (8) 


where now X and Z have lost their purely 
mechanical significance. In fact 


X=B(i—1/(Y-—2)) and Z=D+16B/(Y—2)', 


etc., where YB gives the separation in cm™ 
between the II and = states formed from the 
same p-electron. Here Y is positive or negative 
according as the II state is above the = state or 
below it. If Y is positive (and large) this causes 
X to be smaller than B and |Z! to be smaller 
than |D|. Although of course Eq. (8) holds 
rigorously only for the vibrationless molecule, 
presumably a somewhat similar relation exists 
in the presence of vibration. If then as in the 
case of helium® increasing vibration increases 
the binding energy between the nuclear axis and 
1, Y should increase. Hence a Y, might be defined 
which would be proportional to the separation 
in energy between II and = levels of the same 
v-value. In effect therefore we should expect the 
empirical coefficients X, to be of the form 
(B,+a;'(v+4)+---) [1—1/(¥,—2)] where a,’ 
has the negative value determined by the slowly 
expanding molecule. If then Y, increases suffi- 
ciently rapidly with v the second factor pre- 
dominates at first causing an initial rise in X,. 
Ultimately the first factor predominates and 
causes the ultimate fall of X,. Using the data of 
Nakamura for LiH and estimating the values of 


5 Hill and Van Vleck, Phys. Rev. 32, 269 (1928). 
* Dieke, Zeits. f. Physik 57, 71 (1929). : 
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a@,:+*Bi--- in Eqs. (4) and (5), the authors’ 
calculated the succession of Y, values which 
must obtain if uncoupling were the sole cause of 
the anomalous behavior. Although the original 
data were taken at rather low dispersion and 


rather uncertain below v’ =2 there seemed to be 


evidence for such a set of 'II levels lying only a 
few hundred cm™ above the corresponding upper 
\y levels. Hence transitions from those levels 
should give a 'II-'= system overlying the known 
'y—'> bands. 

Furthermore since the bands of LiD should 
give the same*® progression of Y, values (to 
within a constant of proportionality) but quite 
different B,’ and D,’ values, measurements on 
its spectrum should be of the greatest value in 
conjunction with more precise data on LiH. 

Accordingly the present work was undertaken, 
the results of which will be reported in this and 
subsequent parts. Part I contains a summary of 
the data for Li™D. 


EXPERIMENTAL PROCEDURE 


For the study of the hydrides in absorption an 
electric furnace was constructed through which 
passed a steel tube whose ends were attached to 
short Pyrex cylinders. Several grams of pure 
metallic lithium were placed at the center of the 
tube, quartz windows attached and the system 
exhausted, with the metal just molten, for 
several hours. Then pure tank He or De (pro- 
duced by the action of metallic calcium on 
samples of heavy water of 99.5 percent purity) 
was introduced and allowed to combine with the 
lithium with a sufficient excess of gas to prevent 
too rapid diffusion of the hydride. The same 
tube was never used for both gases. A parallel 
beam of light from a 500-watt tungsten lamp* 
was then passed through the heated tube and 
focused on the slit of a 21-foot grating (dis- 
persion 1A/mm in the second order). A series of 
exposures were then made at temperatures vary- 
ing from a dull red heat to about 900°C. 


7F. H. Crawford and T. Jorgensen, Jr., Phys. Rev. 45, 
737 (1934). : 

* Except for the small difference between the potential 
energy curves of hydrides and deuterides observed by 
Holst and Hulthén (Nature 133, 496 (1934) and discussed 
theoretically by Kronig (Physica, p. 617, May, 1934)). 
See also F. H. Crawford and T. Jorgensen, Jr., Phys. Rev. 
46, 746 (1934). 

* A carbon arc was used for the lower wavelength region. 
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Eastman plates of fine grained type (Type 
IV-0) were employed and iron arc exposures 
were made before and after the hydride exposure. 
The iron arc exposures were of quite different 
intensity so that once the absence of any shift 
during the exposure was established, the standard 
lines could be measured on that exposure which 
gave the optimum density for precise settings. 
In all cases the narrowest slit widths feasible 
(around 0.015 mm) and the lowest temperatures 
sufficient to bring out the lines desired were 
employed. This was quite necessary because of 
the large Doppler broadening for such light 
molecules. 


PLATE MEASUREMENTS AND ANALYSIS OF DATA 


Since these spectra present no obvious heads, 
but rather an irregular concourse of lines, often 
3 or 4 in the space of an Angstrom, the recogni- 
tion of individual bands presents some difficulty. 
It was finally found that the lines could more 
quickly and certainly be arranged into branches 
by first making densitometer records of the 
plates, beginning with those taken at the lowest 
temperatures. Then with a millimeter scale and 
the line shapes and relative blackenings as a 
guide practice soon enabled a single branch to be 
picked out in a few minutes. In this way some 
5000 lines belonging to LifH, LiH, Li‘? D and 
Li D were provisionally assigned to bands. The 
lines due to the Li‘ isotope were of course 
found on only the higher temperature plates, 
where the Li” spectra were very much richer 
and superposition was more bothersome. This 
assignment included probably 80 percent of the 
measurable lines and when an attempt was made 
to assign all of the visible lines on the LiD plates 
most of the faintest lines were found to be due 
to Li‘H present as an impurity. In no single 
case was a band discovered having more than a 
single P or R branch. If such are present they 
must be very faint indeed. It is more likely that 
the feeble lines remaining unidentified were 
simply the few central members of branches of 
higher initial vibrational progressions. 

The plates were measured on a tested com- 
parator and to render the wavelength estimates 
more precise correction curves were drawn for 
each 50 or 75A section of a plate from the large 
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TABLE I. Vacuum frequencies of ‘Z—'= bands of Li D. 
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(4—2) Band (5 —1) Band (6—1) Band (10—0) Band (11—0) Band (13—0) Band (15 —0) Band 
23,000 cm~! 24,000 cm™ 25,000 cm™ 27,000 cm™ 27,000 cm™ 27,000 cm™ 28,000 cm™ 
J” RJ) P(J) R(J) P(J) R(J) P(J) RJ) P(J) RJ) P(J) R(J) P(J) R(J) P\J) 
0 — — — 1674.58 1966. 13? 2552.95 2140.22 
1 1974.23 — _— — 1509.83 1499.98 672.64 1662.95 964.17 1954.25 550.85 2541.44 137.90 2128.55 
2 968.02 1951.64 2233.16 2216.77 503.22* 486.87 665.49 649.46 956.97 941.03 543.42? 527.86 130.34 114.89 
3 957.06 934.21 221.61 198.78 491.68 468.88 653.20 630.77 944.58 922.31 530.91 508.87 117.50 096.06 
4 941.39 912.00 205.18* 175.83 475.26 445.93 635.79 606.67? 927.05 898.43 513.14 484.96 099.34 071.82 
5 920.91 885.13 183.89 148.06 453.89 418.13 613.20 578.08 904.32 869.41 490.07 455.75 075.97 042.34 
6 895.77 853.56 157.67 115.46 427.66 385.48 585.51 544.03 876.45 835.30 461.85 421.37 047.27* 007.60 
7 —_ 817.24* 126.52 — 396.51 347.96 -— 504.93 843.48 796.04 428.44 381.86* 2013.33 1967.66 
s 831.24 776.37 090.53 2035.65 360.49 305.66 514.75 460.84 805.31 751.76 389.84 337.18 1974.21 922.55 
7) 791.90 730.86 049.66 1988.48" 319.57 258.53 471.74 411.65 762.11 702.41 346.08 287.35 929.80 872.28 
10 747.86 680.73 2003.95 936.71* 273.90 206.60 423.69 357.47 713.84 648.04 297.25 232.55 880.24 816.89 
11 _ 625.98 1953.47 880.04 223.33 149.96 370.61 298.39 oo 588.74 243.26 172.69 825.54 756.35 
12 645.94 566.78 898.11 818.70 168.04 088.61 312.51 234.34 602.14 524.44 184.28 107.93* 765.64* 690.86 
13 587.99 £02.93 837.92 752.71 107.93 1022.58 249.51 165.44 538.85 455.31 120.26 2038.11 700.82 620.28 


14 525.44 434.61 773.09 681.97 1043.08 0951.92 181.58 
15 458.30 361.81 703.51 606.64* 0973.54 876.64 108.77 
16 386.59 284.57 629.22 526.83 899.40* 796.87 1031.09 
17 310.35 202.92 550.27 442.47 820.51 712.47 0948.61 
18 229.60 116.91 467.62 353.56 737.00 623.60 861.40 
19 144.39 1026.60 378.62 260.20 649.03 $30.29 769.49 


20 1054.76 0931.97 285.88 162.39 556.51 432.72 

21 0960.72? 833.07 188.71 1060.20 459.50 330.71 571.68 
22 862.58 730.00 1087.02 0953.75 358.17 224.49 465.94 
23 759.64 622.75 0980.92 0843.05 252.39 113.92 355.79 
24 0870.50 728.08 241.18 
25 


number of good iron standards available in the 
region (A3200 to 4300). The results are con- 
sequently probably dependable to +0.004A, or 
about +0.025 cm™', in the most favorable 
regions. This is in agreement with the fact that 
the data on the double differences could in all 
cases be represented by empirical expressions to 
about this uncertainty. The vacuum frequencies 
of the lines, of which about 1400 of Li'’D have 
been measured, were then arranged in bands and 
the first double differences A2F,’(J) and AsF,’’(/) 
determined. The measurement of so many lines 
was necessitated by the fact that with no head 
formation whatever as a guide and the early 
lines in a branch usually faint—the origins 
could only be computed subsequent to the com- 
plete rotational analysis. The 35 bands obtained 
included 17 bands of the (v’,0), 7 of the (v’,1), 
6 of the (v’,2), 4 of the (v’,3) and a single faint 
band of the (v’,4) progression. For obvious 
reasons of space actual vacuum frequencies of 
only 7 bands are given here. These are recorded 
in Table I and include about one-fifth of the 
lines measured. To save space at the head of each 
pair of columns is given a number which is to 
be added to the number opposite any J-value 
to give the appropriate vacuum frequency for 
the branch of the band in question. Since in the 
more intense parts of the LiD plates there are 
over twenty branches of Li D, 6 or 8 of Li‘H 


091.70 470.58 381.31 2051.27 1963.39 630.85 544.86? 
1013.15 397.48 302.45 1977.29 $83.82 555.92* 464.38 
0929.85? 319.45 218.87 898.43* 799.46 476.01 379.10 

841.86 236.65 130.59 814.77 710.39* 391.25 289.05* 

749.21 149.06 1037.63 726.26 616.58 301.63 194.19 

- 1056.79 0940.04 633.02 $18.18 207.14 1094.69 

550.20 0959.78 837.89 $35.11 415.17 107.93* 0990.40 

443.98 858.25 731.31 432.53 307.56 1004.04 881.63 


333.29 752.12 - 325.33 195.52 0895.51 768.31 
218.26 213.70 1091.70? 782.41 650.63 
098.95 1097.42* 0959.30? 664.84 528.49 


542.78 402.05 


and probably 8 or 10 of Li D overlapping, the 
number of accidental superpositions, unresolved 
blendings, etc., is necessarily rather large. When 
the densitometer records indicated that a meas- 
urement is of questionable value for any of these 
reasons the line is marked by an asterisk. 
Question marks indicate the fact that a number 
of lines occur (usually weak and of similar in- 
tensity) so close together as to render identifica- 
tion doubtful. Blanks occur where lines were too 
near the end of a plate for trustworthy measure- 


TABLE II. Values of AsF,’’(J). 


Ave. of all 
J (11—0) Band (15—0) Band (»’,0) bands Ave. —Cale. 
1 25.10 25.33 25.14: —0.022 
2 41.86 41.84 41.866 — 022 
; 58.54 58.52 S8.Sle + 020 
4 75.17 75.16 75.179 + OO3 
5 91.7 91.74 91.78 — O16 
6 108.28 108.31 108.29, — 04 
7 124.69 124.72 124.70» + O11 
x 141.07 141.05 141.054 + O04 
9 157.27 157.32 157.256 + O30 
10 173.37 173.45 173.396 — .0O5 
11 189.40 189.38 189.36, + 010 
12 - 205.26 205.196 + 006 
13 220.83 220.78 220.87, + O18 
14 236.40 236.44 236.3% + OO7 
15 251.71 251.75 251.756 — 016 
16 266.89 266.87 266.91, — 022 
17 281.82 281.82 281.836 — ,.0O9 
18 296.61 296.55 296.61e — O09 
19 $11.17 311.23 311.175 + O14 
20 325.48 325.51 325.49, — O16 
21 339.62 339.58) — 023 
22 353.41 353.366 + O53 
23 367.02 367.005 + 036 
24 380.36 380.385 + 023 
Av. deviation + 016 cm 























362 F. H. CRAWFORD 
TABLE III. Values of AeFy,'(J). 
Obs. (11,0) (Obs. | Obs. (11,0) (Obs 
J Band —Cale.)| J Band —Calc.) 
1 (9.57) +0.002 | 13 83.54 +0.002 
2 15.94 — .004/| 14 89.27 + .039 
3 22.27 + .018 | 15 95.03 — O41 
4 28.62 — .003 | 16 100.58 — .005 
5 34.91 + 008 | 17 106.06 + .003 
6 41.15 + .034 | 18 111.43 — 019 
7 47.44 — .033 | 19 116.75 — .022 
8 53.55 + .033 | 20 121.89 + .006 
9 59.70 + OOS | 21 126.94 — 013 
10 65.80 — .031 | 22 (131.87) + .038 
11 (71.74) + 023 23 (136.68) + .008 
12 77.70 — .007 | Ave. dev. +0.017 cm 





ment or were obscured by the occultor supports 
or where the wrong line was measured. (With 
such a wealth of data a few missing lines caused 
very little trouble.) 

From the data so arranged the upper state 
and lower state double differences A,F,’(/J) and 
A:F,'’(J) were computed. Since so many bands 
involved common lower states very trustworthy 
averages could be obtained by using only those 
differences which were above suspicion. A typical 
pair of these sets for v’’=0 is given in Table II 
together with the final averages of the values 
from the 15 strongest bands. The last column of 
this table gives the differences (average—calcu- 
lated) obtained from equations of the form of 
Eq. (10) with the constants given in Table V. 

In the case of A:F,’(/)-values, those from two 
or three and often only one band were available. 
In order to obtain the most likely values for 
use in determining rotational constants all the 
A2F,'(J)-values for a constant J were plotted to 
scale against v. Almost without exception when a 
point was noticeably (say more than +0.06 cm) 
off the smooth curve through the points it was 
found to involve a line (or lines) whose AF,’ (J)- 
value departed from the average in the appropri- 
ate direction. Careful reexamination of the plates 
in several dozen test-cases showed without ex- 
ception that one or both of the frequencies were 
in doubt because of incomplete resolution, mis- 
identification or a blunder in measuring. It 
therefore seemed legitimate thereafter to smooth 
such values by interpolation. Extrapolation was 
not resorted to. Values interpolated in this way 
are in parentheses in Table III which gives 
AsFi;'(J) as observed together with those com- 
puted from the constants of Table V (below). 
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DETERMINATION OF ROTATIONAL CONSTANTS 


Since the Fortrat diagrams for the bands are 
parabola-like curves of extreme narrowness it is 
not possible to determine the origins at all 
closely by any direct graphical method, par- 
ticularly when the early lines are either very 
faint or altogether missing. It was therefore 
necessary to determine the rotational constants 
for each vibrational level with considerable pre- 
cision and compute the origins from the lines 
themselves. 

If we represent the double difference A:F,(/) 
= F,(J+1)—F,(J—1) as a power series in J it 
is of course possible to evaluate the coefficients in 
the usual least-squares fashion. Besides being 
rather laborious this has the disadvantage of 
ignoring the theoretical relations which must 
exist between the coefficients (as for example 
those of J* and J*). If again we write from 
Eq. (3), 


AeF.(J) = (4J+2)[B.+2D,(J2?+J+1)+---] (9) 


and plot A:F,(/)/(4/+2) against J we have a 
parabola-like curve with vertex at J=—} and 
intersecting this line at B,+3/2D,. This, how- 
ever, involves the extrapolation of a curve which 
is rising rapidly when |D,) is large. It further 
does not permit a precise evaluation of D, when 
the data are such as to require higher terms in 
the energy expression, Eq. (3). Our data very 
definitely do require at least one more term. 

We have consequently employed a graphical 
method due to Knave® which is so satisfactory as 
to warrant much wider use than it has thus far 
received. A little algebraic reduction shows that 
from Eq. (3) we may most conveniently write 
Eq. (9) as a function not of J(J+1) but of 
(J+4). The result is 


A2F,(J)=4(J+4)[(B.+3/2D,+27/16H,) 
+2(D,—17/4H,)(J+4)?+3H,(J+$)'+ - - 
or AoF,(J)/4(J+ 3) =aotaix+aox*+ ---, 


where x=(J+4)*. Hence if AsF.(J)/4(J+4) is° 
plotted against x we have a curve whose de- 
parture from a straight line gives a measure of az, 
whose initial slope is a, and whose intercept at 


- } (10) 


(11) 


*E. Bengtsson Knave, Nova Acta Reg. Soc. Sci. Upp- 
sala, Series IV 8, 1 (1932). 
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x=0 is do (see Fig. 1). Further since ao, a), a2 are 
of the order of 1, 10~* and 10~°, respectively, in 
magnitude the procedure is rapid and certain. 
In practice the data were plotted to a generous 
scale (this was repeated using a different scale 
to avoid systematic errors) and the best straight 
line through the first 8 or 10 points determined 
by the criterion that the computed values of a 
must not increase or decrease with x. The con- 
stants so determined were then used in Eq. (11) 
and the complete set of A:F,(/J)-values com- 
puted. In most cases the differences between 
calculated and observed values were satisfactorily 
small and irregular. In other cases it was possible 
to improve the fit somewhat by small trial and 
error variations of a2 and a3, particularly when 
the scale chosen was inadequate for the precision 
of the data. In the last columns of Tables II and 
IiIl are given the values of A,F(calculated) 
— A;:F (observed) for typical cases. In Tables IV 
and V are recorded the values of B,, D, and H, 
for the lower and upper '2 states, respectively, 
together with the averages for each value of 
v of the departures of A,F(calculated) from 
A:F(observed). These average departures are 
seen in all but one case to be less than 0.03 cm. 
It is believed accordingly that the data are 
rather more consistent than most published 
molecular data. 
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Fic. 1. Here are shown typical curves of A:F,(J)/4(J +4) 
plotted against (J+ 4)* for the upper and lower 'S states 
of Li D. The curves are practically linear—the departure 
from linearity determining H, in Eq. (3) and the slope, D,. 
The regularity of the points enable these constants to be 
determined with rather greater than the usual precision. 
The departure from linearity in all cases was definite and 
marked though small. 


The rotational constants of both states were 
then represented as power series in (v+4) by 
the least-square method of Birge and Shea.” 
The lower state constants are represented by 
the following expressions where the number in 
parenthesis is in each case the average de- 
parture of the observed constants from those 
calculated. The departures from linearity are 
small. 


4.23384 —0.09198(v”’ +4) +0.0006714(0"+4)?, (+0.0002), (12) 


—D,"" X10*= 2.756 —0.0663(v" +4) +0.00575(v"+4)*, (+0.001), (13) 


H,"’ X108= 2.1175 —0.105(v"’ +4), 


(+0.05). (14) 


In the case of the upper state constants, however, fifth degree polynomials are required for adequate 
representation of the data. The results with the average departures from the observed values of 


Table V are: 


B,’ = 1.60602 +0.0145042(v’ + 4) —0.00184351 (v’ + 4)?+0.0000546903(v’ + 4)* 
— 1.08582 x 10-*(v’ + 4)*+8.43455 x 10-%(v'+4)®, (+40.00035), (15) 


— D,' X10*= 4.0188 — 1.12148(0’ + 4) +0.20873(0’ + $)? —0.019880(v' + 3)* 
+9.2475 x 10~-4(v’ + 4)*— 1.6576 X 10-*(v’+4)®, (240.010), (16) 


H,' X108= 11.663 — 6.4585(v’ + 4) + 1.50170(v’ + 4)? — 0.16791 (0 + 4)? +0.00900623 (0 + 4)* 


Values of B,’ and //,' are plotted in Fig. 2. 


—0.000185934(0'+4)®, (+0.08 tov’=15). (17) 


1° Birge and Shea, Univ. of Cal. Publ. in Math. 2 (5), 67-118 (1927). 
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TABLE IV. Rotational 


vo’ By” 
0 4.1882 
1 4.0970 
2 4.0082 
; 3.9204 
4 3.8334 


H. 


constants 


CRAWFORD 


Hy’ K108 
96 
86 
75 
8s 


Average = 


Saf » 
AoF »”’ obs 


AND 


for lower 'S state of Li D. 


Ave 


‘cak 


+0.016 
+ .O17 
+ .O17 
+ O27 


+0.019 





Constants for v’’ =4 are quite doubtful due to faintness of lines 


TABLE V. Rotational constants for upper ‘2 state of Li D. 


(Ave 

ArF’cak 

v’ By’ De’ X104 He’ X10 -AsF’ obs.) 
1 1.6238 2.775 4.9 +0.027 
2 1.6316 2.206 2.25 o1s 
3 1.6365 1.939 1.7 019 
4 1.6383 1.746 1.2 018 
5 1.6382 1.626 0.92 021 
6 1.6358 1.557 0.93 021 
7 1.6310 1.495 0.91 026 
& 1.6243 1.432 0.83 027 
9 1.6162 1.399 0.89 026 
10 1.6057 1.357 0.88 028 
11 1.5955 1.345 0.81 017 
12 1.5824 1.317 0.74 018 
13 1.5678 1.293 0.78 024 
14 1.5534 1.289 0.75 025 
15 1.5361 1.290 0.59 020 
16 1.5197 1.304 1.1 032 
17 1.5002 1.302 0.9 021 
Av +0.023 


VIBRATIONAL DATA 


With reliable values of the rotational constants 
the origin of each band was then computed in- 
dependently from the first 8 or 10 lines in each 
branch excluding questionable lines. These gave 


TABLE VI. Origins of 'S—+'Z bands of Li D. Values involving 
square computation of the origins. These are i 


v’ v”’ 
0 1 
1 
2 25483.94 1003.61 
239.92 

3 26752.8 1028.9 25723.86 1003.61 
252.3 242.16 

4 27005.08 1029.06 25976.02 1003.48 
262.03 262.03 

5 27267.11 1029.06 26238.05 100. 8 
270.15 270.13 

6 27537.26 1029.08 26508.18 1003 .5€ 
276.69 2786.89 

7 27813.95 1029.08 26784.87 
282.01 281.98 

x 28095.96 1029.11 27066.85 
286.13 

9 28382.08 
289.28 

10 2867 1.36 
291.60 

11 28962.96 
293.08 

12 29256.04 
293.78 

13 29549.82 
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Fic. 2. The upper and lower curves show, respectively, 


the observed values of B,’ and H,’ [Eq. (10) ]. The upper 
curve attains a maximum value between v’=4 and 1 5 
and thereafter falls steadily. The observed B,” values fall 
steadily from the origin. 


values whose consistency was a further check on 
the precision of the measurements and whose 
average was taken as the true origin. Thus for a 
typical set (from the (6—1) band) as M the 
ordinal number of a line runs from M=-+10 
(R branch) to M=-—10 (P branch) the origins 


computed are 26,508.18 cm! —0.03, +0.00, 
+0.00, +0.00, —0.02, +0.00, —0.01, +0.01, 
+0.03, —0.01, +0.00, +0.03, —0.01, —6.01, 
+0.00, —0.01, +0.02, +0.03 and —0.01 in 


order. (Here the line 4=+1 is missing.) In 
Table VI are recorded the origins so determined 
the horizontal and vertical differences, 
) and AG’(v+4) are indicated in italics. 


where 
AG" (v+4 


uncertainty in the tenth’s place were not used in the least 
ndicated with the last digit in smaller type. 


2 3 ‘ 
24255.71 O78 23277.2 
224.62 C2 4.6 
24480.33 97845 23501.78 
39.92 239.91 
24720.25 978.5¢ 23741.69 153.84 22787.85 
252.19 252.19 
24972.44 78 23993.88 
262.03 
25234.47 
270.14 
25504.62 
n’ 0 
13 9540.8? 
) 
14 29843 
4) ’ 
15 $0137.06 
299 11 
16 30429.17 
17 30719.58 
gx 
18 31007.6 
5 
19 31292.8 
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BAND SPECTRA OF 


The extremely close agreement whenever two 
independent values have been found is grati- 
fying. Least-square solutions for AG’ and AG’ 
were then obtained and vibrational constants 
determined. Because of the regular decrease of 
the AG’’(v+4) values a cubic expression in 
(v'’+4) is adequate while for the AG’(v+}4) 
values the approximation afforded by even a 
fifth power expression in (v’+ 4) could probably 
be improved. We find the origins of the 36 
measured bands are represented with an average 
deviation of +0.04 cm™ by an expression of the 
usual form, 


vy origin = 26,512.05 + u'[ w,.’ —xy'u' +x2'(u’)? 

+x 3'(u’)?+x4'(u’)*+25'(u’)®+--- J, (18) 
where u=0+}, x1=X.W., X2= Vee, etC., 
where the values of the constants w,, x,w,., etc., 


are those given in Table VII. The extreme size 


TABLE VII. Vibrational constants for Li D. 











Ground 'Z state Upper '= state 
We 1055.12 183.1246 
Xede = X1 + 13.2282 — 12.74161 
Veiwe =X2 +0.1300 —0.8778501 
x3 — 0.00667 +0.0426 1680 
x4 — 1.332244 x 107% 
Xs + 1.808235 k 1075 





of the higher powers of (v+4) necessitates the 
number of decimals given. Inasmuch as AG’ (v+ 34) 
attains a maximum at about v’ =13.5 and it is 
not possible to follow the system much beyond 
v’ =18 or 19 the attempt to extrapolate Eq. (2) 
to dissociation leads to very uncertain results. 


COMPARISON WITH LIH 


Assuming the simple isotope theory the vibra- 
tional and rotational constants of the ground '= 
state are in as good agreement with the published 
results of Nakamura as his lower dispersion 
would permit. See Table VIII. 

The upper state constants, however, present 
certain discrepancies. If p=(u/u*)! where uw and 
nu’ are the reduced masses of Li™D and Li™H, 
respectively, and the atomic masses of Bain- 
bridge" are used we have p = 1.33245, p? =1.77542, 


"K. T. Bainbridge, Phys. Rev. 42, 1 (1932); 43, 103 
(1933); 44, 56 (1933) 
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Fic. 3. The insert shows observed values of D,” (1) and 
4(B,”’)*/(w,”")? (IL) plotted against v’’. The difference 
between the intercepts at v’’= —} is small but probably 
real. In the other part of the figure are the corresponding 
curves for the upper state. Since the extrapolation of the 
lower curve to v' = —4 is rather uncertain the two dotted 
curves are drawn from the least-square representations of 
the data for v’=1 to 6 with D,’ taken, respectively, as 
0.04 10~ above and below the observed value. These are 
seen to extrapolate above and below the v’ = —} intercept 
of the upper curve (II) and hence indicate—if the present 
vibrational numbering is correct—no definite uncouplin 
in the upper state. The expression [Eq. (16) ] which 
represents the actual observations from D, to Dy, due to 
the extreme flatness of the curve at the right end is not at 
all trustworthy for extrapolation outside of this range. 
Hence the initiai constant in that equation is of little 
significance. The average of the dotted curves is taken as 
giving the most probable value, i.e., D,’=—4.8X10™ 
(+0.3 X10™). 


p*=2.36566, etc. Hence by the usual isotope 
theory B,'=B, ’, etc., and the calculated B,’ 
values agree to within about 5 percent with 
Nakamura’s results and much closer with our 
most recent remeasurements for LiH. The 
vibrational data, however, cannot be made to 
agree with Nakamura’s constants though the 
vibrational numbering used in this paper seems 
the most nearly consistent. Now with the values 
of p, p*, p*, etc., given above and the data of 
Table VII we obtain the corresponding vibra- 
tional constants for LiH from the simple 
isotope theory. These are given in columns I and 


TABLE VIII. Vibrational constants for Li‘ H. 





Ground '2 state Upper '= state 


Isotope Isotope Nakamura 
theory Nakamura theory Nakamura _ recalculated 
We 1405.895 1406.1 244.004 287.91 279.84 
x1 23.485 22.73 —22.622 —9.13 —9.5642 
x2 307 — 2.0766 +.318 + .06015 
x3 +0.13433 — 038719 
x —0.00556 +.0011546 
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III of Table VIII while columns II and IV give 
Nakamura’s published values.’ It is seen that 
while the lower state constants are in pretty 
good agreement, for the upper state the agree- 
ment is not at all satisfactory, the w,’-values 
differing by 16 percent and the w,’x,’-values by 
over 100 percent. We have made a recalculation 
by least squares of these constants from Naka- 
mura’s original data and obtain the results in 
the Jast column where w,’ and w,’x,’ have 
changed slightly in the right direction. This 
gives as the system origin for Li‘”H 26,479.66 
cm as against 26,457.9 cm@' obtained by 
Nakamura. Furthermore with the exception of 
one faint band the vibrational constants ob- 
tained from our Li™D data by the simple 
isotope theory reproduce the observed isotope 
shifts with no more systematic deviations than 
Nakamura’s constants give (either as originally 
recorded or as recomputed). We therefore con- 
clude that more precise observations are required 
before any inference can be drawn as to the 
actual electronic isotope shift or the failure of 
the simple isotope theory. 

On the other hand, the following considerations 
lend independent support to the present vibra- 
tional numbering in the upper state. In Fig. 3 
(insert) are drawn two curves, I being the ob- 
served values of —D,” and II, values of 
+4(B,’’)'/(w,”’)?. Each should extrapolate to the 
same value at v’’=—4 if Kratzer’s relation is 
true. The first actually gives D,”" = —2.756x 10-4 
while the other gives —2.72810~‘ a difference 
which is small but probably real and an indica- 
tion perhaps of a very small amount of un- 
coupling in the ground state. In the other part 
of the same figure are drawn the corresponding 
curves for the upper state. Here unfortunately 
the most crucial point, the value of D,’ in curve 
I, is experimentally the least accurately known 
and therefore renders extrapolation to v’ = —} 
rather uncertain. We have, however, by trial and 
error found that D,’ cannot depart from the 
value —2.775X10-* by more than +0.04 and 
allow B,’ and HH,’ in Eq. (10) to be changed in 
such a way as to represent the observed A;F,'(J)- 
values. Consequently using the observed values 


CRAWFORD AND T. 
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of D,’ for the 6 lowest values of v’, least-squares 
calculations were made with D,’ set equal to 
—2.810 and —2.730X10~-‘, respectively.“ The 
results are plotted as the dotted curves in the 
figure. It is seen that the intercept at v’ = —} of 
curve II is well within the range of uncertainty 
implied by the dotted curves. Since a shift of 
numbering of +1 unit would cause a very large 
difference between D,’ and —4(B,’)*/(w,’)? this 
would imply an uncoupling so marked as to 
influence markedly the linearity near the origins 
of the upper state curves of the type of that in 
Fig. 1. The present numbering seems therefore 
quite necessary. Thus within the range of experi- 
mental uncertainty there is no evidence of appre- 
citable uncoupling in either state of LiD. This 
means therefore that the peculiar behavior of 
the observed B,’ and w,’ values must be ascribed 
to peculiarities in the potential energy curve 
alone. 

It becomes further apparent why attempts to 
calculate D,’ for LiH by extrapolation (of rather 
uncertain values) from say v’ =2 to v’ = —} was 
bound to give results much below the true 
values and hence to suggest that both B,’ and 
D,’ had lost their mechanical significance. It is 
further apparent that although D,’ depends only 
on the curvature of the potential curve at the 
minimum, its rate of change with v is very 
sensitive to the precise way in which this curve 
alters as we leave the equilibrium position. A 
detailed examination of the empirical form of the 
potential curve will be possible when the re- 
maining data on LiH have been adequately 
summarized. 

We wish at this time to express our thanks for 
a generous grant from the Milton Fund of 
Harvard University which has defrayed part of 
the expenses of this investigation. 


12 1t must be borne in mind that when a curve changing 
as rapidly at one end and as nearly constant at the other 
as that of D,’ is represented by a power series by the 
method of least squares—the expression so obtained is 
not dependable for extrapolation. It is much more certain 
if a few points near one end or the other are used. For this 
reason the constant term in Eq. (16) is of no significance. 
The midpoint of the dotted curves of Fig. 3 is accordingly 
taken for D,’. This gives D,’= —4.8 (+0.3) X10™. 
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Incoherent Scattering and the Concept of Discrete Electrons* 


ARTHUR H. Compton, University of Chicago and Oxford University 
(Received December 21, 1934) 


Experiment has shown that scattered x-rays contain both 
a coherent and an incoherent portion. Classical electron 
theory provides a formula for scattering closely similar to 
that based on wave mechanics, but includes both coherent 
and incoherent components only if the atom consists of 
discrete electrons. From a comparison of the classical and 


XPERIMENT shows that two types of 

scattered x-rays occur, one of which is of 
the same wavelength as the primary rays and 
the other of greater wavelength. Definite phase 
relations occur between the unmodified rays 
scattered by neighboring portions of matter, 
whence these rays are described as coherent. The 
modified rays, differing from each other in wave- 
length, can have no fixed phase relations, and 
are described as incoherent. Theoretical descrip- 
tions of the origin of the two types of rays have 
been given on the basis of (1) photons, (2) wave 
mechanics and (3) classical electromagnetic 
theory. It is a point of no little interest that 
whereas according to wave mechanics both types 
of scattered rays are interpreted in terms of wave 
functions distributed continuously throughout 
space, according to classical electromagnetic 
theory discrete electrons are required if inco- 
herent rays are to occur. A comparison of the 
various theories of scattering is thus helpful in 
understanding the realm within which the 
concept of the electron is applicable. 

It was first recognized from a consideration 
of the interaction of atoms and photons! that in 
addition to coherent scattering, collisions should 
occur involving changes of the photon’s energy, 
which would mean a change of frequency and 
hence incoherence. Whereas Compton and 
Debye concerned themselves primarily with 
electrons which were knocked free from the atom 
by the photon’s impact, Smekal noted also that 


* Based on an address presented at the Symposium on 
X-Ray Scattering at the St. Louis meeting of the Am. 
Phys. Soc., Dec. 1, 1934. 

‘A. H. Compton, Bull. Nat. Res. Council No. 20, 19 
(1922); Phys. Rev. 21, 483 (1923); 24, 168 (1924). P. 
Debye, Physik. Zeits. 24, 161 (1923). A. Smekal, Natur- 
wiss. 11, 873 (1923). 


wave-mechanics theories of scattering it is concluded that 
the most accurate classical analog of Schrédinger’s ¥y* 
is the probability of occurrence of discrete electrons, and 
that a particular electron is associated with each particular 
function pa¥.*. 


any possible energy change of the atom might 
give to the scattered photon a frequency de- 
scribed by 


hy, = hv + W; — W,, (1) 


where W; and W, are the initial and final ener- 
gies. In the hands of Jauncey and others*® the 
concept of photons colliding with electrons 
moving within the atom has shown itself capable 
of describing in quantitative form the distribu- 
tion of energy between the coherent and the 
incoherent rays. 

According to the wave-mechanics theory,’ 
under the influence of the field of the incident 
electromagnetic wave the characteristic functions 
for higher energy states of an atom assume finite 
values, and the radiation which it emits has the 
frequencies described by Eq. (1). If the final 
state of the atom is identical with the initial 
state i, the frequency is unchanged, and coherent 
radiation is emitted. In calculating this part of 





2G. E. M. Jauncey, Phil. Mag. 49, 427 (1925); Phys. 
Rev. 25, 314 (1925). J. W. M. Dumond, Phys. Rev. 33, 
643 (1929). S. Chandrasekhar, Proc. Roy. Soc. A125, 231 
(1929). 

3 This wave-mechanics theory includes the main features 
of the theory of dispersion by virtual oscillators introduced 
by H. A. Kramers, Nature 113, 673 (1924); 114, 310 (1924), 
and extended by H. A. Kramers and W. Heisenberg, 
Zeits. f. Physik 31, 681 (1925), whose theory included the 
incoherent radiation of the frequency given by Eq. (1). 
E. Schrédinger’s first wave-mechanical theory of scattering, 
Ann. d. Physik 81, 109 (1926), was approximately equiva- 
lent to that of Kramers, giving only the coherent term. 
O. Klein, Zeits. f. Physik 41, 407 (1927), in sections 5 and 6 
of his paper, gives a detailed and lucid account of the 
origin of the coherent and incoherent radiation according 
to wave mechanics. This theory was extended by Wentzel, 
Zeits. f. Physik 43, 1, 779 (1927), who first derived Eq. (6) 
from wave-mechanical principles. Eq. (3) is due to I. 
Waller, Phil. Mag, 4, 1228 (1927); Zeits. f. Physik 41, 213 
(1928); and especially good for clarity of interpretation, 
I. Waller and D. R. Hartree, Proc. Roy. Soc. Al24, 119 
(1929), who corrected Wentzel’s theory by taking into 
account the limitations of Pauli’s exclusion principle. 
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the scattering, only the y functions of the normal 
state o of the atom are therefore concerned. That 
is, the coherent scattering is identical with that 
from an atom having a continuous distribution 
of electric charge of density 


,a==— eWowo*. 


If the final state differs from the initial state, the 
scattered ray is by Eq. (1) incoherent with the 
primary. The possible final states which may 
occur are all of those permitted by Pauli’s ex- 
clusion principle, which is equivalent to the 
statement that an electron may be transferred to 
any level allowed by the selection rules, and not 
already occupied in the normal atom. Since the 
most probable transitions would in any case be 
those corresponding to complete ionization, this 
limitation is not stringent. It has the effect, 
however, of making the inner electrons of a Bohr 
atom less effective in incoherent scattering than 


(2) 


are the outer ones.‘ 
The formula thus developed by Waller* from 
wave mechanics may be written as 


) . . 
R,,=- =(>> fn)? +L (1—f 2?) — do" (fnn?). 
. 1 1 mn 


— 





-+---—— 


content incoherent 


[ =’ =sum over all pairs of electrons with the same spin, 
an 
and mn. } 


Here J, is the scattering by an atom, /, that by 
an electron according to classical electron theory, 
f, and fm» are defined by the expressions, 


fa= ff [ vavare®rdr 
fan= { ff vad.te® ‘dr, 


where y, is Schrédinger’s wave function corre- 
sponding to the mth electronic state in the normal 
atom, k=27(s’—s)/A, where s’ and s are unit 
vectors in the directions of the scattered and the 
primary rays respectively, ris the vector distance 
of the volume element dr from the center of the 


*In most cases the effect of the negative term repre- 
senting the Pauli exclusion principle is practically neg- 
ligible. G. G. Harvey, P. S. Williams and G. E. M. Jauncey, 
Phys. Rev. 46, 365 (1934), have recently shown, however, 
that in the diffuse scattering from crystals this term may 
become of experimental importance. 


(5) 


ARTHUR H. 


COMPTON 


atom and Z is the atomic number. Thus f/f». is 
the amplitude of the scattered wave due to the 
m to n transition, in terms of that due to a point 
charge electron as unity. The first term thus 
represents the scattering for the unchanged 
atom, which is coherent. The second term, as 
Wentzel shows, represents the scattering for all 
transitions for which m#n, and the third term 
takes account of those transitions which are dis- 
allowed by the Pauli exclusion principle. These 
terms thus describe the incoherent scattering. 

In this theory, both radiation and atom are 
treated as distributed continuously through 
space. Its relation to the photon-electron theory 
described above corresponds to de Broglie’s 
theorem of the equivalence of waves and par- 
ticles. They may be considered as alternative 
views of the same phenomenon.® 

It is noteworthy that classical electrical theory 
leads to a formula (Eq. (6)) almost identical with 
that derived from wave mechanics (Eq. (3)), but 
only if the atom is assumed to consist of discrete 
electrons. Woo’s extension of Raman’s classical 
theory® gives the expression, 


R.=(X fn)? +L (1—f,?), (6) 
1 l 


where f, has the same significance as in Eq. (4) 
except that y,y,* is replaced by p,, where p,dr 
is the probability that the mth electron will lie 
in the volume element dr. If we should assume 
on the other hand that }0p,dr is the portion 
of the continuously distributed electric charge in 
the volume element dr, and that this volume 
element has the same ratio of charge to mass as 
does an electron, we should obtain merely’ 


*> The photon theories of Jauncey and others are not in 
their present forms precisely equivalent to Eq. (3), though 
there is no apparent reason why they could not be so 
made. It seems possible from wave mechanics, however, 
to arrive more easily at a rigorously derived formula 

* The classical theory of coherent scattering by 
electrons in an atom was first treated extensively by P. 
Debye, Ann. d. Physik 46, 809 (1915). That incoherent 
scattering must occur was pointed out from classical 
principles by A. H. Compton, X-Rays and Electrons, p. 171 

1926), and the theory was developed independently by 
C. V. Raman, Ind. J. Phys. 3, 357 (1928) and A. H. 
Compton, Phys. Rev. 35, 925 (1930), leading to Eq. (9). 
Eq. (6) was derived by Y. H. Woo, Phys. Rev. 41, 21 
(1932), following an extension of Raman’s theory by 
G. E. M. Jauncey, Phys. Rev. 37, 1193 (1931). 

7 This result is implicit in Wentzel's wave-mechanics 
theory (reference 5), and is derived explicitly by A. H. 
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Re’ = (L fn)? (7) 


Since definite phase relations exist between the 
rays scattered by the various volume elements of 
charge, this expression represents coherent radi- 
ation. Raman has shown® that the second term 
of Eq. (6) arises from the fact that in an atom 
composed of discrete electrons the positions of 
these electrons are continually changing, giving 
variable phase relations. There is thus a portion 
of the radiation from each electron (represented 
by the mth term in the summation) which is 
incoherent with that from the rest of the atom. 

To the last term in Eq. (3) there seems to be 
no exact classical analog. It represents con- 
straints upon each electron’s motion due to the 
presence of the other electrons. If an attempt 
were made to build an atom out of electrons 
according to classical principles, such constraints 
would necessarily arise, but they could not be 
expected to introduce a term in the scattering 
formula identical with that resulting from 
Pauli’s exclusion principle. According to classical 
electron theory, electrons should partially shield 
each other from the action of the electric field of 
the primary wave due to (1) the electrostatic 
field of the displaced neighboring electrons, and 
(2) the radiation field resulting from this acceler- 
ation. The former effect is an aspect of refraction, 
the latter is an increase of the electrical inertia 
due to proximity of the electrons. Both effects are 
dimensionally different from the Pauli exclusion 
effect, and of a smaller order of magnitude. 

Further differences arise if the wave-mechan- 
ical theory is developed in sufficient detail to take 
into account the recoil of the scattering electrons 
and the corresponding increase in wavelength 
of the incoherent rays. Here the classical an- 
alog of radiation pressure gives a term of 
entirely the wrong order of magnitude. Never- 
theless even here a treatment of the change in 
wavelength as a Doppler effect has, in the hands 
of Jauncey and DuMond* shown that momenta 
can be properly ascribed to the electrons within 
the atom, thus emphasizing their discrete exist- 
ence. 


Compton and S. K. Allison in their X-Rays in Theory and 
Experiment, Van Nostrand, New York, 1935, p. 138. 
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Fic. 1. Scattering of x-rays by neon. Experiments, Wollan. 
Theories based on Hartree electron distribution. 


To a first approximation (Eq. (7)), a classical 
counterpart of the wave-mechanics atom is thus 
given by supposing the atom to consist of a con- 
tinuously distributed charge of density given by 
Eq. (2). As will be seen from Fig. 1 this represents 
the most important part of the scattering at small 
angles. A second and much closer approximation 
(Eq. (6)) is obtained by replacing the continuous 
charge distribution with discrete electrons, the 
probability of occurrence of the mth electron 
being given by, 


prdt= Waba*dr. (8) 


Attempts to arrive at a still closer approximation 
by taking into account the constraints on the 
electron’s motions cannot be expected to give 
the third term of Eq. (3). 

It is noteworthy also that in order to get the 
closest classical analog to the wave-mechanical 
atom, we must assume that each electron has its 
own characteristic region within which it moves, 
1.€., PnX% Pm (except where n and m differ only in 
the direction of the electron’s spin). If each 
electron in the atom is assumed to have the 
same probability of occurrence at any point as 
every other electron, all the ~,’s and hence all 
the f,’s will be alike (Eq. (4)), and Eq. (6) 
reduces to the form derived by Raman and 
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Compton,*° 
R.=Z*f'+Z(1—f*), (9) 


where f is the common value of the structure 
factor for all of the electrons. This is no longer 
identical with the first two terms of Eq. (3), and 
is found*® to be in somewhat less satisfactory 
agreement with the experiments. 

Though we are accustomed to think of the 
Schrédinger y, functions as distributed continu- 
ously throughout space, these functions are 
strictly speaking in 3n-dimensional space. The 
apparent overlapping of the functions is merely 
a convenient 3-dimensional approximation. Thus 
the discreteness of the electrons in the classical 
theory corresponds on the wave-mechanics 
theory to equally discrete y, functions, which are 
completely separated by being in different dimen- 
sions. 

The closest classical analog to the wave- 
mechanical atom is thus one composed of discrete 





®G. Herzog, Zeits. f. Physik 69, 207 (1931); E. O. 
Wollan, Rev. Mod. Phys. 4, 241 (1932). 


MARCH 1, 1935 


PHYSICAL 





WALTER ALBERTSON 


electrons, each of which has its own characteristic 
probability ¥,.¥.*dr of occurring within a given 
volume element.’ It is accordingly proper not 
only to speak of electrons occurring within the 
atom, but also to distinguish each individual 
electron by the name of the corresponding quan- 
tum state. That is, K electrons are distinguish- 
able from L electrons, etc. Thus for treatment of 
scattering problems, individual electrons grouped 
within the atom form the most nearly adequate 
classical picture corresponding to the continuous 
de Broglie waves of the wave-mechanics atom. 


*Cf. A. H. Compton, Phys. Rev. 35, 931 (1930), and 
Tech. Rev. Mass. Inst. 33, 19 (1930). The conclusion there 
drawn was that the observed presence of incoherent 
scattering indicated that the discrete electron interpreta- 
tion of yy* was necessary to bring agreement between 
theory and experiment. This argument was criticized by 
G. Herzog (reference 8), because of a supposed lack of 
agreement between the classical and quantum formulas, 
and because the concept of discrete electrons does not 
enter into the quantum theory of scattering. The state- 
ment that the best classical interpretation of yy* is the 
probability of occurrence of discrete electrons seems to 
be the legitimate conclusion from the considerations here 
advanced. 
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The Arc Spectrum of Samarium and Gadolinium. Normal Electron Configurations 
of the Rare Earths 


WALTER ALBERTSON, George Eastman Research Laboratory of Physics, Massachusetts Institute of Technology 
(Received January 11, 1935) 


A partial analysis which includes most of the low temperature lines is presented for Sa I and 
Gd I: 453 lines, 175 levels for Sa I; 71 lines, 35 levels for Gd I. The normal configuration and 
lowest state of Sa I is 4f*6s? 7F; for Gd I is 4f75d6s* *D. It is also shown that the normal con- 
figuration for Tm I is probably 4f6s*. There exists in the rare earth group the same type of 
variation of relative binding between the 4f and 5d electrons as exists between the s and d 
electrons in the long periods. In the rare earth group the 5d electron is most tightly bound at 
the beginning and middle of the group and has a minimum just before the middle and at the 


end of the group. 


INTRODUCTION 
HE region of the periodic table least investi- 
gated by spectroscopists is that occupied by 
the fourteen elements from cerium to lutecium, 
inclusive,—the so-called rare earths. With the 
exception of thulium, ytterbium and lutecium, 
the arc and spark spectra of the rare earths are 
of extreme complexity. Indeed, the number of 


lines obtained appears to depend only on the 
amount of exposure given. Even if one adheres 
to the strictest selection rules for L, S, J and 
parent terms, a fundamental electron transition 
in neutral gadolinium can yield more than 20,000 
lines, and if only the J selection rule is retained, 
there is a possibility of more than 18,000,000 
lines, whereas the identical electron jump in 
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caesium gives two lines. These figures indicate 
the apparent futility of an attempt by any worker 
to push the observation of a rare earth spectrum 
to its limit. 

With the exception of the three elements men- 
tioned above, by far the greater number of the 
intense lines of an arc exposure belong to the 
ionized rare earth atom. The work of King! on 
the furnace spectra of the rare earths has shown 
that the spectrum of the neutral atom is very 
poorly developed in an arc source. Many neutral 
lines that are comparatively well developed in 
the furnace appear so faint in the arc that they 
have not been measured, while a large number 
more are masked in the arc*by the more intense 
ionized lines. It is practically impossible to an- 
alyze the spectrum of the neutral atom with only 
the use of arc and spark exposure data. Addi- 
tional data from the furnace or from absorption 
measurements must be added. 

The most characteristic rare earth spectra 
are shown by the end-group, thulium, ytterbium 
and lutecium, and by europium, which precedes 
the middle. Many of the lutecium and ytterbium 
lines have already been explained by Meggers 
and Scribner? and by Meggers and Russell’ as 
resulting from transitions involving s, p and d 
electrons. The 4f shell is completely filled and 
contributes nothing to the term types. The 
europium spectrum is quite complex, but it does 
have a special character due to a small group of 
lines of outstanding intensity. These lines have 
been explained by the writer‘ and by Russell 
and King. They result from transitions involv- 
ing s, p and d electrons and configurations built 
on the parent term 4f’*S, which does not con- 
tribute to the LZ value of the resulting terms. 
Thus, although the most intense rare earth lines 
have been classified, no terms have been found 
for which the 4f electrons contribute to the L 
value. 


‘Numerous articles in Astrophys. J., Spectroscopic 
bibliography, R. C. Gibbs, Rev. Mod. Phys. 4, 278 (1932). 

2 W. F. Meggers and B. F. Scribner, Bur. Standards J. 
Research 5, 73 (1930). 

7 W. F. Meggers and H. N. Russell, unpublished ma- 
terial. C. E. Moore, Term Designations for Excitation 
Potentiais, Princeton Observatory and Carnegie Institute 
at Mt. Wilson. 

‘W. E. Albertson, Phys. Rev. 45, 499 (1934). 

5H. N. Russell and A. S. King, Phys. Rev. 46, 1023 
(1934). 


ANALYSIS OF THE ARC SPECTRUM OF SAMARIUM 
EXPERIMENTAL DATA 


Following the above-mentioned elements, the 
next most characteristic spectra are those of 
samarium, gadolinium, dysprosium and _ hol- 
mium. An extensive temperature classification 
of samarium has recently been completed by 
King. The author is greatly indebted to Dr. 
King, who was generous enough to send a dupli- 
cate list of the neutral lines prior to publication. 
The list contains 422 Class I and II lines, many 
of which are comparatively intense in the arc 
and reversed in the furnace, and more than 1200 
Class III, IV and V lines. The latter classes ap- 
pear in two distinct wavelength regions; one 
from the long waves to about 5100A, the other, 
from 3900A to short waves. King’s data have 
been supplemented with absorption data re- 
corded by Paul.’ These data for 337 lines extend 
from 7755A to 3527A. Although absorption lines 
were found out to 8700A, none of them belonged 
to samarium. Nearly all the Class I and the 
strong Class II lines in this region and strong 
Class III lines of wavelength less than 3900A 
appear in absorption. 


RESULTS 


The results of the analysis of the data are 
given in Tables I and II. Table I contains all the 
classified lines (453) that involve levels which are 
probably real. Over 200 lines are omitted from 
the list as they involve levels that do not show 
enough combinations to be accepted with con- 
fidence as being real. Most of these levels are no 
doubt real but they are all omitted as at present 
there is no way of telling which ones are spurious. 
Table I also contains all unclassified Class I lines 
of wavelength less than 7756A. Column 1 gives 
the wavelength from King’s data; Column 2 the 
arc intensity; Column 3 the furnace intensity 
with temperature class; Column 4, absorption 
intensity; Column 5, the wave number in vac- 
uum; Column 6, term combinations. The ab- 
sorption intensities can be compared only over a 
small wavelength range. Table II contains the 
level number, energy of level in cm~ and tenta- 
tive J value. 


* A. S. King, unpublished material. 
’F. W. Paul, M.Sc. Thesis, M. I. T. (1934). . 
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As is seen from Table II, the analysis has 
yielded a set of seven low levels, each having a 
different J value, increasing in order. A system- 
atic search has shown that there are no other 
leveis below 12,000 cm~ that combine readily 
with the middle and high levels already found. 
This is quite in agreement with the fact that only 
a few absorption lines remain to be explained. 

At the present time all books on the subject 
state that the normal electron configuration for 
a rare earth is 4f"5d6s* where m increases progres- 
sively from 1 for cerium to 14 for lutecium. If 
such were the fact, then the normal configuration 
for samarium should be 4f°5d6s*. 4f° gives rise to 
the following terms: 


?PDFGHIKLMNO ‘*SPDFGHIKLM °®PDH. 


Most of the quartet and doublet terms appear 
several times for each value of L. Let us con- 
sider just the *// multiplet, since it will be the 
lowest and most important. The addition of the 
5d electron to *// gives rise to a pentad of septet 
and quintet multiplets, al! expected to be fairly 
low in Sa I. Since only a single septet multiplet 
accounts for nearly all the low temperature 
lines and no other low levels could be found, 
the normal configuration of Sa I is obviously 
not 4f*5d6s*. Another configuration likely to be 
found low is 4f°6s*. This configuration yields only 
one septet multiplet, *F. Furthermore it is 
known that when a d shell lacks a single electron 
of being half filled, i.e., d*, there is but a single 
multiplet of highest multiplicity, and it lies far 
below all other levels from the same configura- 
tion. These facts suggest quite strongly that the 
normal configuration of Sa I is 4f%6s°. 

The chief electron configurations and transi- 
tions of Sa I are expected to be 


(1) 4f’6s? —A4f*6s6p, 
(2) 4f°6s?  —4f°5d6s*, 
(3) 4f*5d6s* — 4f°5d6s6p, 
(4) 4f6s6p —4f°Sd6s6p. 


In (1) the chief multiplets will be built on 
the "F parent term. The upper configuration 
will yield the triads *F6s6p(*: "DFG, *:*DFG). 
Although the identification is uncertain, it is 
believed that most of the nonet and septet levels 
have been found. They occur at energy values 


quite near those for the corresponding multi- 
plets built on *S of Eu I°. Table III gives a 
typical multiplet 7FG, the first complete septet 
multiplet yet found. 

The configurations involving the 5d electron 
will yield an enormous number of multiplets. 
Most of the middle and high levels in Table IT, 
probably belong to 4f°5d6s°. 

Numerous frequency 
among the intense long wavelength Class III 
and IV lines have been found with the aid of the 
mechanical interval sorter.* Thus far they have 
defied attempts to link them together. These 
intervals probably belong to the configurations 


recurring differences 


involving a 5d electron. 


THE NORMAL ELECTRON CONFIGURATION FOR 
THE RARE EARTHS 


The normal configuration of Eu I has already 
been shown by Russell and King® to be 4f’6s* 
instead of the previously supposed 4f*5d6s*. This 
result, with that of Sa I, 
normal configuration of Gd I is 4f*%6s? giving 
identical multiplets with Sa I but inverted. King’s 
data for gadolinium® is not complete (4680- 
3840A) but it does cover the most important 
region of the spectrum. The results of an analysis 
of these data are presented in Tables IV and V. 
Table IV contains all the Class I and IT lines and 
Table V the energy values of the levels with 


suggested that the 


tentative J values. It is seen that nearly all of 
King’s lines result from transitions between 
middle levels and a low regular multiplet of five 
levels. The low multiplet eliminates 4f*6s? and 
answers quite well for *D, the expected normal 
state from 4f75d6s°. 

The unpublished data of King for Tm I'° in- 
dicate an extremely simple structure for the low 
levels. Only a few lines appear, most of which are 
strong and reversed. The two most probable con- 
figurations are 4f"5d6s* and 4f"6s*. The former 
configuration yields 107 levels and the latter only 
2. The experimental data, although they have 
thus far defied analysis favor 4f"6s*. 


$G. R. Harrison, R. S. I. 4, 581 (1933). 

*A.S. King, Astrophys. J. 72, 221 (1930). 

1° A. S. King, unpublished material; Phys. Rev. 38, 583 
1931). 
( 
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TABLE I. Classified lines of Sa 1. 
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Int. and Temp. Class 





LA. Arc Fur. Abs. 
8027.5 1— ISTIA 
7907.48 5 40IA 
7787.02 8 6OIA 
7755.32 ? 80 LA 1 
7686.70 8 GOIA 1 
7580.91 5 SOIA 2 
7554.14 8 6OIA 2 
7513.3 2 8 IIA 
7446.2 i— SHA 
7403.30 8 SOIA 3 
7378.04 5 601A 2 
7367.9 i— 411A 
7332.65 60 1001 2 
7279.25 80 1001 + 
7262.69 3 WIA 
7213.82 80 1001 10 
7172.67 40 WI 1 
7141.13 30 1001 10 
7131.80 100 1501 12 
7114.50 10 «80I 3 
7106.23 100 1501 10 
7104.54 150 2001 10 
7101.46 10 SOIL 1 
7096.33 100 1501 12 
7095.50 150 2001 15 
7091.16 100 1501 4 
7088.30 150 2501 20 
7056.55 40 401 
7026.62 100 200 IA 12 
7002.03 2 oO LA 
6912.79 3 1001I1A 1 
6880.86 20 20011 3 
6860.93 300 3001 15 
6853.92 15 1SOIIA 2 
6839.23 10 100I1IA 1 
6827.81 40 15S01A 2 
6802.96 50 1S0IA 2 
6790.88 30 «6OIA 1 
6779.16 100 200 1A 5 
6775.30 60 1S0I1A 3 
6759.25 60 i5I1II1 
6725.88 300 2001 10 
6671.51 800 4001 3 
6588.91 500 3001 4 
6580.53 50 200IA 2 
6566.36 80 1001 2 
6563.52 150 2001 2 
6562.64 10 S8O0IA 
6558.18 & SOTA 1 
6551.80 200 3001 3 
6544.95 40 150I1A 3 
6536.83 30 1S0I1A 3 
6533.96 200 3001 5 
6532.25 200 3001 5 
6528.02 200 250I 4 
6509.44 50 300I1A 6 
6501.00 25 1001A 
6492.05 5 2511A 
6491.28 15 100I1A 
6425.90 200 2501 2 
6387.79 4 100I1A 
6373.50 10 10011A 
6373.29 4 oOOL1lA 
6371.01 150 1501 2 
6367.41 250 2501 5 
6295.97 15 S80I1IA 
6273.29 18 100I1A 2 
6258.94 4 WIA 
6242.39 60 200I1A 2 
6229.07 3 20 IIA 
6226.70 100 «#201I1 
6222.55 iS 30IA 
6218.23 50 1S50I1A 1 
6198.37 30 1251A 2 
6196.83 2 25 11A 
6194.39 200 2001 3 
6174.45 150 1501 2 
6159.56 180 2001 2 
6117.79 40 1501A 2 
6103.95 3 iS IIA 
6099.90 406 201A 3 
6096.55 6 S80 IA 1 
6084.12 400 2501 4 
6070.06 300 2001 4 
6045.00 300 1501 3 
6027.52 40 100I1A 
6027.16 1580 1501 2 
6004.18 200 2001 5 
5995.09 125 100! 2 


»(vac) 


12,453.8 

12,642.78 
12,838.35 
12,890.83 
13,005.91 
13,187.40 


14, ‘017.84 
14,051.93 
14,068.29 
14,07 1.63 
14,077.74 
14,087.91 
14,089.56 
14,098.19 
14,103.87 
14,167 4 
14,2 227 67 
14,277 64 
14,461.96 
14,529.07 
14,571.27 
14,586.17 
14,617.50 
14,641.95 
14,695.43 
14,721.57 
14,747.03 
14,755.43 
14,790.46 
14,863.85 
14,984.98 
15,172.83 
15,192.16 
15,224.94 
15,231.53 
15,233.57 
15,243.95 
15,258.77 
15,274.75 
15,293.72 
15,300.44 
15,304.44 
15,314.36 
15,358.07 
15,378.01 
15,399.11 
15,401.03 
15,557.73 
15,650.55 
15,685.64 
15,686.16 
15,691.77 
15,700.64 
15,878.80 
15,936.20 
15,972.74 
16,015.08 
16,049.33 
16,055.44 
16,066.15 


16,077.31 


16,128.82 
16,132.83 
16,139.18 
16,191.30 
16,230.45 
16,341.26 
16,378.31 
16,389.19 
16,398.19 
16,431.69 
16,469.75 
16,538.03 
16,585.99 
16,586.98 
16,650.46 
16,675.71 














Desig- Int. and Temp. Class Desig- 
nation} I.A. Arc Fur. Abs. »(vac) nation 
6—15 |5989.68 50 1S0IA 2 16,690.77 1-19 
5—11 |5979.38 200 200I 4 16,719.52 4—32 
7—20 | 5936.92 2 SIIA 16,839.10 4—35 
4-9 /|5927.89 20 GOIIA 16,864.75 6—S4 
6—17 |5916.36 80 1S01IA 3 16,897.61 2—22 
3-8 (5914.91 12 401A 16,901.76 5—45 
5—13 |5909.04 80 401 1 16,918.54 5—46 
5—15 | 5906.05 50 401 1 16,927.11 4—37 
4—11 |5902.60 80 401 16,937.00 5—47 
1F —9G | 5895.35 4 2I1A 16,957.83 3-28 
4—12 |5883.68 10 SOLILA 1 16,991.47 5—49 
3-9 |5875.92 40 10014 1 17,013.91 4—39 
7—27 |5874.21 200 1501 3 17,018.86 3—29 
6—20 |5871.06 150 1251 2 17,027.99 6—5S6 
6—21 |5868.61 200 1251 2 17,035.10 7—63 
5—17 |5867.79 250 s0lI1 2 17,037.48 6-57 
5—18 |5866.23 1— 20111 17,042.01 7—64 
1-8 /|5860.78 4 4011A 17,057.86 6—58 
4—13 |5822.61 5 401A 17,169.68 2—23 
3—10 [5802.84 300 1001 4 17,228.17 5-50 
"F —*G |5790.91 8 SOLA 17,263.67 3—31 
7F—*%G (5798.38 200 801 3 17,271.21 6—S9 
4—14 |5779.24 200 1001 3 17,298.53 4—40 
2-9 |5746.50 5 SOIIA 17,397.08 3—32 
4—15 (5741.19 S Se 17,413.18 3—33 
"F —*G |$732.95 300 15011 2 17,438.20 7—68 
3—11 |5726.06 3 WIIA 17,459.18 4—42 
15720.19 125 6Ol1 2 17,477.10 2—28 
3—12 |5711.45 40 6O1L 1 17,503.84 5—53 
7 —34 |5707.22 3 251A 17,516.82 3—35 
6 —26 |5706.75 80 801 1 17,518.26 
6—27 |$706 20 300 100rII 2 17,519.95 4—44 
2—10 | 5686.98 20 201 17,579.16 7—69 
5 —20 |5678.74 3 IS1IA 17,604.67 3—37 
5—21 |5659.86 400 200rIl 3 17,663.39 3—38 
4-17 |5652.84 30 «(401 2 17,685.33 4—45 
3—13 | 5642.67 6 IIA 17,717.20 5—54 
4—18 |5641.59 8 ll 17,720.59 4—47 
2—12 [5626.01 250 150rll 3 17,769.67 1-—28 
3-14 {Seat79 79 200 1001 3 17,783.00 2-31 
7-41 |SS591. 17 20 401A 1 17,880.39 5-56 
1—10 |5588.20 100 3011 1 17,889.90 5—57 
5581.83 10 2011 17,910.31 5—58 
6—34 |5575.59 15 201 17,930.36 6—63 
|5574.89 80 30II 2 17,932.61 2—33 
—36 |5573.42 100 6011 2 17,937.34 6—64 
5 —24 | 5561.37 50 211 17,976.20 3—40 
7—48 |5550.40 300 200rIIl 4 18,011.73 4—50 
7—49 (5548.95 150 1251 3 18,016.44 
he |$517.87 i- 6m 18,117.91 6-66 
- -, [5-59 
5—25 [9516.09 00d 300rII 4 18,123.76 (> 37 
15512.10 200 1001 4 18,136.88 3—42 
1551109 60 401 1 18,140.18 5—60 
5 —26 |5500.90 10 2511A 18,173.81 3—43 
2—16 |5498.21 200 150rll 3 18,182.70 2—38 
6—39 [5493.72 300 200rII 3 18,197.56 3—44 
3—18 |5485.42 150 100rIl 2 18,225.09 1—33 
4-21 |5466.72 250 125rll 3 18,287.44 4—53 
5—29 |5453.00 300 150rll 3 18,333.45 6—68 
1—16 |5433.82 30 «(Wil 2 18,398.16 3—47 
6—41 |5421.57 80 301 2 18,439.73 5-61 
5 —30 /S411. 39 100 SOII 1 18,474.42 6-69 
—52 |$411.15 10 4011IA 1 18,475.24 1-38 
4-22 (5405.23 200 125rll 3 1849547 2-40 
2-19 |5403.70 200 so! 3 18,500.71 4-54 
5 —32 |5368.352 150 8011 2 18,622.52 7-76 
—23 |5353.701 i SIIA 18,673.49 4—57 
4—24 |5349.116 15 401A 2 18,689.49 3-50 
6—45 |5348.067 10 301A 2 18,693.16 2-43 
5—35 |5341.265 100 501 3 18,716.96 2-44 
6—46 |5320.575 100 1001 4 18,789.75 5—64 
5 —36 |5299.21 4 151A 18,865.50 3—S1 
\4-—25 |5282.891 100 SOI 2 18,923.78 4-60 
6—48 |5271.388 200 1251 3 18,965.07 3—53 
7—56 |5269.96 5 WIA 1 18,970.21 5—66 
6—49 |5265.646 20 251 2 18,985.75 1—43 
§251.912 150 1001 5 19,035.40 5—67 
5—39 (5210738 10 101 19,185.81 5—68 
4—29 |5200.592 200 1001 3 19,223.24 4-61 
3—22 |5187.131 10 151 2 19,273.13 4-62 
$185.550 2 61A 1 19,279.00 3-—S5 
2—19 |5175.443 150 801 3 19,316.65 
5172.750 80 401 2 19,326.71 5-69 
4—30 |5157.260 20 301 2 19,384.75 2-51 
5—41 |5145.834 10 121 i 19,427.80 5-70 
4—31 (|5122.159 125 ool 3 19,517.60 6-76 
6—52 |5117.188 100 801 2 19,536.56 
3—23 |5088.347 20 301 1 19,657.29 
5$—42 5071.205 100 60! 3 19,713.70 


Int. and Temp. Cass Desig- 
LA. Are Fur. Abs. »(vac) nation 
5060.916 15 30IIA 2 19,753.78 4—66 
$049.503 10 301A 2 19,798.42 2—S5 
5044.275 80 401 2 19,818.95 4—67 
5010.88 3 101A 19,951.02 3—62 
4975.949 60 601 4 20,091.08 1—55 
4946.305 40 60II 2 20,211.49 4—70 
4924044 30 3011 20,302.86 7—98 
4918.994 125 1001 2 20,323.71 4-71 
4910.400 150 10011 2 20,359.27 5—75 
4907.81 ; 2m 20,370.02 5—76 
4904.963 80 80II 3 20,381.84 3—65 
4883.971 200 10011 4 20,469.44 6—87 
4883.763 100 10011 4 20,470.31 2—62 
4848.309 100 1001 2 20,620.01 5—78 
4841.701 400 1501 2 20.648.15 7—102 
4789.977 50 SOII 1 20,871.11 6—93 
4785.884 150 1251 3 20,888.96 3—70 
4783.125 300 2001 3 20,901.01 2—65 
4770.20 30 201 2 20,957.64 5—82 
4760.291 300 150rI S$ 21,001.27 3-71 
4760.033 50 60II 21,002.40 4—74 
4750.725 60 SOIL 1 21,043.55 5—84 
| 4728.433 300 1001 2 21,142.76 4—75 
4718.641 40 301 1 21,186.63 6—97 
4717.071 150 1251 1 21,193.68 1—65 
4716.097 250 801 2 21,198.07 6—98 
4688.733 150 1001 2 21,321.78 5—87 
4684.196 1 411A 21,342.43 6—100 
14681.551 SO 4011 1 21,354.48 4-77 
| 4678.084 3 41 21,370.31 7—108 
|4670.834 60 801 3 21,403.48 4—78 
|4670.747 50 601 2 21,403.88 4—79 
14664.509 2 011A 21,432.50 7—100 
14663.556 100 80rl 1 21,436.86 5—89 
14649.491 100 80rI 3 21,501.73 3—73 
14648.078 40 40] 1 21,508.27 6—101 
14645.405 100 100 rI 3 21,520.64 2-71 
14640.518 3 8IA 21,543.31 6—102 
14632.770 1 8IA 21,579.33 5—91 
4629.430 5 221A 2 21,594.90 7—111 
/4618.228 862 «10 1TA 21,647.28 6—103 
4616.615 1 1211A 21,654.84 7-113 
14611.248 20 SOLA 3 21,680.05 3—74 
| 4602.024 1 101A 21,723.50 5—93 
4598.285 4 S8I1A 1 21,741.17 4—82 
4596.743 60 100rI 2 21,748.46 
4581.729 150 801 2 21,819.73 7—114 
|4581.581 100 100 ri 3 21,820.43 3-75 
|4580.188 1 121A 21,827.07 4—84 
14569.579 6 201A 2 21,877.74 5—95 
4566.767 12 251A 1 21,891.21 4—85 
/4556.628 4 4014 2 21,939.92 6-106 
4550.032 8 201A 2 21,971.73 5—96 
14539830 1— SIIA 22,021.06 2—73 
14537.570 2 WIA 1 22,032.07 3—77 
4536.161 1 201A 1 22,038.91 5—97 
| 4534.869 1 201A 22,045.19 7—117 
14533.799 SO SO] 1 22,050.39 5—98 
|4532.444 8 401A 3 22,056.99 4—86 
|4527.418 5S 151A 2 22,081.47 3-79 
|4523.182 30 301 2 22,102.18 3—80 
4522.546 20 30] 2 22,105.26 4—87 
14511.327 40 40] 2 22,160.23 7—137 
14504321 1— 6IIA 22'194.70 $—100 
}4503.378 80 125rl 3 22,199.35 2~—74 
|4499.108 100 150RI 3 22,220.42 4-9 
4490.758 1— 1011A 22,261.73 6—107 
4490.019 4 301IA 1 22,265.40 6—108 
4480.316 30 OO LA 2 22,313.61 5 -—73 
4477.505 6 IS5SIA_ 1 22,327.62 6—109 
4471.504 1 SIA 22,357.59 4—90 
4470.886 100 100 rl 2 22,360.68 5-101 
4470.475 1 411A 22,362.73 4—91 
4463.897 3 ISTIA 1 22,395.69 5-102 
4459.290 80 601 1 22,418.82 3—82 
4456.708 3 401A 2 22,431.81 3-83 
4452.953 60 SO] 2 22,450.72 7—120 
4445.153 80 125rI 2 22,490.12 6—111 
4443.270 6 ISI1A 2 22,499.65 5—103 
4442.276 80 100¢] 1 22,504.68 3—84 
4441.812 100 150RI 1 22,506.94 4-93 
4433.344 3 SOTIA 22,550.03 6—113 
4433.076 15 301A 1 22,551.39 2-77 
4429.664 60 80rlI 2 22,568.76 3—85 
4423.383 10 201A 1 22,60081 2-79 
14419.332 80 1SORIA 2 22,621.52 2—80 
4411.585 30 G6OrlA 2 22,661.25 4—95 
4405.224 i 8 22,693.97 5—104 
4403.116 100 150RI 2 22,704.83 5—105 
4401.174 100 60[ 2 22,714.85 6—114 
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374 
TABLE | 
Int. and Temp. Class Desig-| Int. and Temp. 
LA. Arc Fur. Abs. +v(vac) nation} IA. Arc Fur. 
rate nce cat aaa TN at moa 
4397.341 60 GOI 2 22,734.65 3—86 /|3960.501 1 8S IIA 
4393.354 60 JIl 1 22,755.28 4—96 |3951.887 100 60rlI 
4393.170 1 20 LIA 22,756.23 7—122)3949.849 4 101A 
4386.219 40 60! 2 22,792.30 5 —106/3945.252 1 8 I1IA 
438 1.257 1 8 IIA 22,818.11 3—88 |3926.325 20 20II 
4380.423 100 rl 2 22,822.45 4—97 (|3925.216 400 60rlI 
4365.954 4 251A 1 22,893.09 3—89 |3909.946 50 i12I 
4362.912 150 150 RI 2 22,914.05 1—80 |3901.046 3 4 
4357 896 2 4011A 1 22,940.42 6—117/3891.955 x Sil 
4355.835 2 401A 2 22,951.28 2—83 |3877.486 200 ?1I 
4350.815 6 SO IA 2 22,977.76 4—99 |3858.737 200 100r?II 
4339.924 § 2A 2 23,035.42 3—90 |3858.517 80 40?II 
4338.965 25 601A 3 23,040.52 3-91 |3854.556 150 ?1I 
4336.137 150 125 RI 2 23,055.54 6—137/3853.295 200 S0r?Il 
4331447 40 SOI 3 23,080.51 3846.761 3» iS Il 
4330.016 125 150RI 3 23,088.13 2-85 |3834.945 5 x 
4326.145 4 BJOLIA 23,108.79 7—124|3834.476 300 80riIl 
4325.163 2 3OIIA 2 23,114.07 5—107/3832.808 150 20III 
4324460 60 60rlI 1 23,117.80 5—108/)3824.811 ‘ 8 Ill 
4319.530 100 100r!I 2 23,144.18 4-—101/3822.972 100 15 7111 
4313.871 3 BJOILIA 2 23,174.54 3—92 |3818.363 80 20III 
4312.854 60 301 2 23,180.00 5 —109/3816.846 8 8 Ill 
4301.275 8 ISIIA 1 23,242.41 3—94 |3813.827 150 30I1II 
4299.141 20 401A 2 23,253.94 2—86 |3809.954 100 JBOlIl 
4296.743 300 300 RI 2 23,266.92 *F—'G |3806.467 60 2III 
4293.743 4 1S1IA) 1 23,283.18 4—103)3803.942 300 100 RII 
4290.832 i— 8IIA 23,298.97 5—110/3783.804 30 20III1 
4283.772 5 8I 23,337.37 2-—88 |3775.459 10 15 III 
4283.500 80 80rlI 2 23,338.85 3—95 (3773.331 150 &0rlIl 
4282.833 80 80rlI 1 23,342.49 $—111'3766.923 20 20III 
4282.208 100 100r!I 2 23,345.89 6—120/3760.169 60 I5III 
4274.011 2 i12UA 23,390.66 5—112/3756.411 600 100 RII 
4271.862 40 401 2 23,402.43 5—113)3748.521 100 80riIl 
4266.309 30 21 2 23,432.89 3—96 |3747.360 20 I5III 
4258.168 1 6 1 23,477.69 4-—-104/3745.465 100 80ril 
4256.209 ; & 1 23,488.50 4—105/3730.737 100 25 III 
4244.246 3 121A 1 23,554.70 2—90 |3728.162 50 20III 
4240.450 6 401A 1 23,575.79 4—106/3722.026 60 40III 
4230.727 4 Wwida 1 23,629.97 1—88 |3721.028 150 S0III 
4226.858 2 10 LIA 23,651.60 6—122/3707.850 150 40llII1 
4226.178 50 60rlI 5 23,655.30 3—99 |3707.629 10 121III 
4219.306 8 40IA 2 23,693.93 2—92 |3707.167 100 JOlll 
4207.250 i 611A 23,761.72 2—94 |3705.995 1 toll 
4205.779 40 401 4 23,770.13 |3690.084 300 SOIII 
4201.7 1 4 23,792.83 5§-—117/3688.129 30 10 III 
4183.333 60 S0rI 4 23,897.67 4-—107/3687.878 200 20 Ill 
4164.790 1 8 IIA 24,004.07 6—124/3680.983 100 I5III 
4151.213 4 8 IA 24,082.58 4—110)3668.887 20 10 Ill 
4151.135 1 S51A 24,083.03 3666.97 2 2 6A 
4147.974 1 61A 1 24,101.38 3657.312 100 iS IIl 
4146.636 1 41A 1 24,109.16 5—119/3651.825 4 8 IIl 
4145.594 1 61A 24,115.22 |3643.997 30 iS Ill 
4145.239 20 30! 3 24,117.28 13636.106 30 8 Ill 
4142.969 1 4llA 24,130.50 6—125/3629.480 80 40III 
4138.734 3 12 LIA 1 24,155.19 3—104/3604.714 4 8 Ill 
4135.505 10 Q2WIA 3 24,174.05 4—112/3594.508 2 4ill 
4106.284 1 8 IIA 24,346.07 5—121/3594.004 20 I121II 
4087.505 1 10 LIA 24,457.92 6—128/3592.894 10 8 Ill 
4079.834 20 401IA 2 24,503.91 5—122/3586.360 80 40III 
4069.751 1 8 IIA 24,564.62 4—116/)3562.224 15 iS II 
4062.320 15 40 11IA 2 24,609.55 6-—131/3552.206 s 10 III 
405 1.822 1 6 LILA 24,673.31 7—136)3550.216 50 40II 
4016.111 2 411A 24,892.70 4-—119/ 3530.07 1 4 
4001.612 1 SIA 24,982.89 5—125/3527.066 15 12III 
3998.350 40 isl 1 25,003.27 3526.779 15 15 Ill 
3991019 3 i151 1 25,049.20 3524.108 2 6 lil 
3990.025 300 S0rlI 2 25,055.44 6—132/3510.15 1 4 
3978.244 5 IA 1 25,129.64 4—121/3491.995 2 6 Ill 
3974.665 150 B80RI 3 25,152.27 5—127/)3491.040 6 Sill 
3972.272 1 S8IIA 1 25,167.42 3—115/3490.705 2 6 lll 
3962.136 20 121 1 25,231.80 3487.612 4 8 iil 
The present knowledge of the normal con- 


figurations, either definite or indicated, for the 
rare earths is presented in Table VI. 

The data presented in Table VI show the same 
type of variation of relative binding between the 
4f and 5d electrons as exists between the d and s 
electrons" in the long periods. In the rare earth 





Class Desig- Int. and Temp. Class Desig- 
Abs. »(vac) nation; I.A. Are Fur. Abs. »(vac) nation 
1 25,242.21 3—116/3481.523 4 10lll 28,714.87 7—166 
3 25,297.23 13466.796 30 20III 28,836.85 3-141 
1 25,310.29 5—128)3465.466 60 JTIIl 28,847.92 4—149 
25,339.78 6—134/ 3457.788 1 2 28,911.47 5—156 

1 25,461.92 5—131/3447.790 20 IS5III 28,995.81 5—158 
2 25,469.12 3—118/ 3446.58 1 4 29,005.99 3—143 
1 25,568.58 6—136/3431.890 20 20III 29,130.14 4—151 
25,626.92 6—138) 3427.855 2 6 29,164.44 6-163 

1 25,686.78 2—115/3421.903 i 5 29,215.16 6—164 
2 25,782.62 7—142/3421.304 5 8 Ill 29,220.27 5~—159 
4 25,907.90 5—132/3416.198 20 i12III 29,263.94 4—152 
1 25,909.37 4—126/ 3411.22 1 5 29,306.65 4-153 
2 25,936.00 4—127/3410.037 20 i12III 29,316.82 3-146 
1 25,944.49 6139) 3408.049 4 6lll 29,333.92 4—154 
2 25,988.56 2—118/3394.815 5 6 29,448.26 4—155 
26,068.63 7 — 144) 3391.024 3 S Ill 29,418.18 5—161 

3 26,071.81 7—145/3385.970 8 I12III 29,525.19 2—143 
3 26,083.16 5 —133)3376.246 i 2 29,610.22 6—166 
1 26,137.69 4— 129| 3366.522 i + 29,695.75 4-156 
3 26,150.27 3—123)3352.727 6 8 29,817.93 1—143 
3 26,181.83 4—130/) 3350.664 12 10 IIl 29,836.28 2—146 
26,192.23 5—134/) 3338.864 8 8 29,941.72 3-152 

3 26,212.97 7—147/ 3334.119 3 2 29,984.34 3—153 
4 26,239.61 6—140) 3331.935 4 4 30,003.98 4—159 
1 26,263.68 7—148) 3331.074 6 6 30,011.75 3—154 
4 26,281.09 1—118/ 3330.508 4 4 30,016.85 5—163 
1 26,420.95 5 —136)3324.872 2 4 30,067.73 5—164 
26,479.35 5 —138)3309.885 1 3 30,203.87 7—171 

3 26,494.28 | 3307 .346 1 3 30,227.05 4—160 
1 26,539.35 7— 150} 3291.429 15 10 III 30,373.22 3—156 
2 26,587.02 3—126) 3287.693 2 3 30,407.73 3—157 
3 26,613.62 3—127/3283.728 2 3 30,444.45 4—162 
3 26,669.64 2—123)3281.775 5 4 30,462.57 5—166 
26,677.90 6©—142)| 3277.354 5 6lll 30,503.66 2-153 

3 26,691.40 4—132/ 3274.430 1 4 30,530.90 2—154 
2 26,796.76 5—139) 3245.802 30 10 30,800.17 4—163 
2 26,815.27 3—129/3234.850 i 3 30,904.45 3—160 
3 26,859.48 3—130) 3232.489 6 6 30,927.01 2—157 
3 26,866.68 4—133) 3218.260 2 2 31,063.75 6—170 
4 26,962.16 1—123)/3217.706 1 2 31,069.10 4—165 
26,963.77 6—144/3214.613 2 4 31,098.99 6—171 

3 26,967.13 6 —145/3212.224 i 3 31,122.12 3—162 
26,975.66 4—134/ 3205.636 6 1 31,186.92 6—172 

2 27,091.98 5—140/ 3202.201 3 4 31,219.53 1—157 
2 27,106.33 2 —126/3181.386 2 2 31,423.78 2—160 
1 27,108.17 6—147/3177.748 ; 3 31,459.76 5—169 
2 27,158.95 6—148/ 3159.497 1 2 31,641.48 2—162 
2 27,248.49 7 —158/ 3157.688 1 1 31,659.61 7—174 
27,262.82 4 — 138) 3149.027 1 2 31,746.67 3—165 

2 27,334.73 2-129) 3135.985 2 2 31,878.70 6—173 
27,375.80 5—141/3132.751 10 5 31,911.61 7—175 

1 27,434.61 6—150) 3132.288 1 1 31,916.32 5-170 
27,494.14 6—151/3128.864 1 2 31,951.25 5—171 

3 27,544.33 3—133)3120.254 2 2 32,039.41 5-172 
27,733.57 7—161/)3118.862 2 2 32,053.71 3—167 
27,812.31 6—155/ 3102.867 2 2 32,218.94 3—168 
27,816.21 5—144/ 3100.500 1 1 32,243.54 4-169 
27,824.80 3—135/ 3098.328 1 1 32,266.14 2-165 

3 27,875.40 4—140/ 3070.874 3 3 32,554.59 6-174 
1 28,064.36 5—149 3069.144 1 1 32,572.94 2-167 
28,143.51 6—158) 3057.229 2 2 32,699.88 4-170 

1 28,159.29 4—141) 3054.313 2 2 32,731.10 5—173 
28,319.98 7—164) 3053.634 6 5 32,738.37 2—168 
28,344.11 2—135) 3047.254 2 2 32,806.91 6-175 

1 28,346.41 5—151/ 3045.759 2 2 32,823.02 4-172 
28,367.89 6—159) 3041.817 3 2 32,865.55 1—167 
28,480.70 5—152) 3036.682 3 2 $2,921.13 3—169 
28,628.76 6—161 3026.588 3 3 33,030.92 1—168 
28,636.59 1—135/ 2992.521 3 2 33,406.93 5-174 
28,639.34 4—146) 2982.897 2 1 33,514.71 4-173 
28,664.74 5-—155) 2970.098 12 2 33,659.13 5—175 


group the 5d electron is most tightly bound at 
the beginning and middle of the group and has a 
minimum just before the middle and at the end 
of the group. 


1 R. C, Gibbs and H. E. White, Proc. Nat 
559 (1928); W. E. Albertson, Phys. Rev. 45, 


. Acad. Sci. 14, 
304 (1934). 
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J |Symbol Level Symbol Level J Level J |Symbol Level J |Symbol Level J 
30 «617,959.28 4 59 20,396.67 4,5 23,847.25 2 118 26,281.09 1 148 30,284.37 6 
31 18,075.57 2 6O 20,413.30 3,4 23,852.43 3 119 26,382.25 3,4) 149 30,33745 3,4 
32 18,209.04 3 61 20,712.80 3,4 23,986.48 1,2) 120 26,471.36 6 180 30,560.04 6 
33 18,225.13 1 62 20,762.84 2 23,996.55 4 121 26,619.18 3,4) 151 30,619.60 4 
34 18,298.29 6 63 21,055.79 6 24,054.32 1,2] 122 26,776.98 5 182 30,754.57 3 
35 18,328.64 3 64 21,062.82 5 24,150.80 3 123 26,962.19 1 153 30,796.23 2 
36 «618,350.40 4,5 65 21,193.68 1 24,244.32 3 124 27,129.49 6 154 30,823.54 2 
37 §©618,416.62 2 66 21,243.27 4 24,312.03 4 125 27,255.97 4,5) 155 30,937.80 4 
38 18,475.28 1 67 21,308.50 3,4 24,323.51 5 126 27,398.92 2 156 31,185.17 3 
39 «618,503.49 4 68 21,458.89 5 24,467.27 2,3) 127 27,425.54 3 187 31,219.59 1 
40 18,788.08 2 69 21,599.84 5§ 24,467.84 4,5) 128 27,583. 4,5) 188 31,269.01 5 
41 18,811.11 5 70 21,700.89 3 24,633.74 4 129 27,627.25 2 1589 31,493.41 4 
42 18,948.80 3 71 21,813.22 2 24,668.79 § 130 27,671.39 2,3) 160 31,71641 2 
43 18,985.74 1 73 «22,313.63 1 24,772.74 4 131 27,735.01 6 161 31,754.24 5§ 
44 19,009.52 2 74 22,491.94 2 24,967.14 3 132 28,180.95 5 162 31,934.03 2 
45 19,174.84 4 75 22,632.34 3 24,977.99 3,4) 133 28,356.24 4 163 32,289.85 4 
46 19,161.62 4,5 76 22,643.12 5 25,065.37 4 134 28,465.26 4 164 32,340.09 5 
47 19,210.10 3 77 22,844.00 2 25,387.19 4 135 28,636.67 1 165 32,558.65 2 
48 19,254.29 6 78 22,893.07 3,4 25,390.91 5 136 28,694.02 5 166 32,735.62 5 
49 19,264.60 5 79 22,893.40 2 25,453.11 5§ 138 28,752.40 4 167 32,865.57 1 
50 19,501.27 3 80 22,914.07 1 25,572.10 3,4) 139 29,069.90 4,5|) 168 33,030.91 1 
Si 19,677.38 1,2 82 23,230.73 3 25,615.57 5 140 29,365.03 4 169 33,733.00 3 
52 19,712.44 6 83 23,243.80 1,2 25,663.67 3,4) 141 29,648.83 3 170 34,189.35 4 
53 19,776.97 3 84 23,316.62 3 25,675.50 5 142 29,803.32 6 171 34,224.44 5 
54 19,990.25 4 85 23,380.72 2 25,840.31 6 143 20,817.92 1 172 34,312.48 4 
55 20,091.03 1 86 23,546.54 2 25,979.35 1,2] 144 30,089.27 5 173 35,004.21 4 
56 20,153.47 5 87 23,594.86 4 26,054.15 2,3) 145 30,092.53 6 174 35,680.11 5 
57 20,162.99 4 88 23,629.98 1 26,065.88 5 146 30,128.83 2 175 35,932.20 5 
58 20,183.36 4,5) 89 23,709.98 3 26,181.95 6 147 30,233.63 6 

' 
TABLE III. Typical *FG multiplet in samarium. 
0 2 3 4 6 
0.00 292.58 811.92 1,489.55 2,273,09 3,125.46 4,020.66 
22,914.05 22,621.52 22,102.15 Wave number 
150 2 30 2 Arc abs. 
150 RI 150 RIA 30 I ; Fur. 
4362.912 4419.332 4523.182 Wavelength 
23,088.13 22,568.76 21,891.21 
3 60 2 > 
150 RI 80 rl 251A 
4330.016 4429.664 4566.767 
23,338.85 22,661.25 21,877.74 
80 2 30 2 6 2 
80 rl 60 rIA 201A 
4283.500 4411.585 4569.579 
23,144.18 22,360.68 21,508.27 
100 2 100 2 40 1 
100 rl 100 rI 401 
4319.530 4470.886 4648.078 
32,342.49 22,490.12 21,594.90 
80 1 80 2 ee 
80 rl 125 rl 20 1A 

4282.833 4445.153 4629.430 
23,345.89 22,450.72 

100 2 60 2 

100 rl 50 I 

4282.208 4452.953 
23,266.92 

300 2 

300 RI 


4296.743 
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TABLE IV. Classified lines of Gd I. 














Int. and Temp. Class (vac) Desig-| Int. and Temp. Class Decig- Int. and Temp. Class Desig- 
1A. Arc Fur. nation; I.A. Arc Fur. (vac) nation LA Arc Fur vac) nation 
4680.04 40 15011 21,361.38 14286.127 100 60 II 23,324.55 5—23/4023.154 80 1001 24,849.12 
4658.60 6 40 IIA 21,459.69 |4274.167 40 60 Il 23,389.81 1 —15/4019.739 12 40 IIA 24,870.23 3—27 
4654.765 4 201A) 21,477.39 5—12/4267.010 80 80 II 23,429.04 2—16/4015.592 6 10 III 24,895.92 5—35 
4647.650 30 50 II 21,510.25 5—14/4266.601 125 100II 23,431.29 4—18/4008.339 25 SO ILA 24,940.96 4—30 
4608 .583 & 30 TIIA 21,692.59 3-6 |4260. 123 125 100 II 23,466.92 3 —17/4006.975 6 30 ILIA 24,949.46 2-34 
4602.932 40 60 II 21,719.22 4—9 (4225.846 300 300r!I 23,657.26 5 —25|3992.696 20 40 LIA 25,038.67 
4581.294 100 100 II 21,821.80 4 —10/4225.028 20 SO ILA 23,661.84 5 —26| 3987 .840 50 50 Il 25,069.17 
4542.034 125 100 IL 22,010.42 2—6 |4191.628 125 100 I 23,850.38 4 —21/3979.346 60 80 LIA 25,122.68 2—24 
4537.820 200 1501 22,030.86 3—8 |4190.779 200 2001 23,855.21 4 —22)3974.819 30 40 II 25,151.29 4—33 
4519.661 200 150 1 22,119.37 2-7 |4175.539 200 1501 23,942.28 5 —28)|3972.713 30 401 25,164.62 1—34 
4506.226 200 1251 22,185.32 3—9 |4167.271 12 SOLIA 23,989.78 4- 32) 3969 .004 60 50 I 25,188.14 2-27 
4503.803 & 30 TIA 22,197.25 4—12/4157.781 15 SOILLA 24,044.53 4 —23)3966.279 60 60 II 25,205.44 
4497.133 150 100 I 22,230.17 4 —14/4148.864 20 40 LIA 24,096.21 3953.372 xO 401 25,287.73 3—29 
4486.908 125 100 II 22,280.83 5—17 14134. 169 100 100 I 24,181.81 3 —20) 3945.548 150 100 I 25,337.88 1—24 
4485.484 x 30 TILA 22,287.90 3—10/4127.3 2 411NIA 24,221.0 5 — 30) 3943.244 30 20 I! 25,352.68 
4476.144 300 150 I 22,334.41 1—7 /4111.251 2 3 ILIA 24,316.66 3-—21/)3942.643 60 301 25,356.55 
4473.282 20 40 TIA 22,348.70 2-—8 |4100.269 60 501 24,381.79 4 —26/ 3941.802 40 25 il 25,361.95 
4430.631 300 150 1 22,563.83 1—8 |4092.718 100 80 ?I 24,426.77 Ss - 31) 3935.393 40 30 Il 25,403.25 1—27 
4422.409 300 iso0l 22,605.78 2 —10/4091.966 2 311! 24,431.26 5 —33|3934.790 200 50 I 25,407.18 3—30 
4414.741 200 100 I 22,645.04 4 — 16/4090.418 40 301 24,440.55 2- 19/3905 653 30 25 Il 25,596.69 
4411.160 150 80 I 22,663.43 3 — 12/4087 .847 2 1OTITIA 24,455.87 3 —32/3904.293 20 25 11 25,605.60 2—29 
4401.849 300 1501 22,711.33 5 —18/4080.534 15 30 TIA 24,499.70 2—20/3902.718 30 25 Il 25,615.94 4-—35 
4373.831 300 150 I 22,856.85 3—15/|4078.705 300 201 24,510.69 3 —23)\3874.476 8 6ll 25,802.66 
4346.624 200 150 I 22,999.92 2 —13/4058.222 250 20! 24,634.40 2—21/3867.62 8 6? II 25,848.40 
4346.460 400 2501 23,000.78 4—17/4054.731 80 751 24,655.61 1 19/381 1.989 30 15 ?I 25,852.61 
4327.106 250 200T 23,103.66 1 —11/4053.643 200 1501 24,662.23 4 —28/ 3843.275 40 10 I 26,012.13 
4325.691 200 20T 23,111.21 3- 16|4045.013 60 100 I 24,714.84 1 —20) 3840.264 6 SIl 26,032.52 
4321.202 100 100 II 23,135.23 5 —22)|4035.396 20 6O LIA 24,773.74 2 —32) 
4313.851 200 200 I 23,174.65 2 —15/4027.613 12 SO ILIA 24,821.61 4—29) 
4.306.348 200 1501 23,215.02 1 — 13/4023.355 60 100 I 24,847.88 3—26 
ras_e V. Energy levels of Gd I. 
| | | 
Symbol Level J \Symbol Level J \Symbol Level J \Symbol Level J iSymbol Level J |\Symbol Level J 
1 0.00 2 7 22,334.40 2 13 23,215.03 2) 19 24,655.64 2 34 25,164.60 29 25,820.73 4 
2 215.12 3 8 22,563.83 3 14 23,229.32 6 20 24,714.82 3 24 25,337.89 2 30 25,940.14 5 
3 532.99 4 9 22,718.33 3 | 15 23,389.81 3 21 24,849.52 4 25 25,376.37 7 31 26,145.86 
4 999.14 5 10 22,820.91 4] 16 23,644.18 4 22 24,854.34 6| 26 25,380.93 5 33 26,150.43 
5 1,719.09 6 11 23,103.66 1 | 17 23,999.92 5 32 24,988.88 27 25,403.24 3 35 26,615.05 
6 22,225.57 2 12 23,196.43 5 | 18 24,430.42 6 23 25,043.67 5 28 25,661.37 6 
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Absorption Spectrum of Lead Oxide 


E. N. SHAWHAN AND FRANK MorGANn, Mendenhall Laboratory of Physics, Ohio State University 
(Received January 16, 1935) 


The spectrum of PbO has been photographed in absorption. A new system, designated as the 
E system, has been found. It is nearly coincident with the D system. A number of previously 
unclassified bands together with some new bands are assigned to a new system, replacing 
Mecke’s C system. The D system has been extended and the new values require that x,w,’ 
be changed from 1.05 to 3.13. All three systems have the same lower level in common with the 


A and B systems. 





INTRODUCTION 


DER and Valenta' photographed the band 
spectrum of lead oxide (PbO) and measured 
the wavelengths of the heads to four figures. 
Lamprecht? and Grebe and Konen,? using higher 
dispersion, repeated and extended the obser- 
vations. Mecke* on the basis of Lamprecht’s data 
gave a partial vibrational quantum analysis. 
Bloomenthal’ made a new series of measure- 
ments of the wavelengths of these band heads on 
moderate dispersion spectrograms and revised 
and extended the vibrational analysis which had 
been given by Mecke. The fine-structure analysis 
of the bands in the A and D systems has been 
given by Christy and Bloomenthal.* 

Since all observations on these bands seem to 
have been made in emission, it is of interest to 
study them in absorption in order if possible to 
extend them and improve the accuracy of the 
vibrational analysis. 


EXPERIMENTAL 


Chemically pure yellow lead oxide (PbO) was 
heated in an iron tube about 50 cm long and 
2 cm in internal diameter. The tube was open 
at both ends so that the oxide was exposed to 
the air at atmospheric pressure. The tube con- 
taining the oxide was heated by means of a 
compressional ring Hoskins electric furnace oper- 
ated at 25 volts a.c. and 400 amperes. The tem- 
perature of the tube and oxide was maintained 
at about 1200°C. 


1 Eder and Valenta, Atlas Typischer Spectra. 

? Lamprecht, Zeits. f. wiss. Phot. 10, 16, 33 (1911). 

* Grebe and Konen, Physik. Zeits. 22, 546 (1921). 

4 Mecke, Naturwiss. 17, 122 (1929). 

5 Bloomenthal, Phys. Rev. 35, 34 (1930). 

* Christy and Bloomenthal, Phys. Rev. 35, 46 (1939). 


Light from an underwater spark with mag- 
nesium electrodes, arranged as used by Smith 
and Muskat,’ was used as a source of continuous 
radiation in the ultraviolet. In the visible region 
of the spectrum continuous radiation was ob- 
tained from an ordinary incandescent lamp. 

The spectrograms were taken with a Hilger 
Littrow mounted E-1 quartz spectrograph having 
a dispersion of about 5A/mm at 3100A and 
14A/mm at 4200A. An iron arc provided a 
standard of wavelengths. 


RESULTS 


To the A and B systems which were analyzed 
by Mecke*t and by Bloomenthal® nothing has 
been added by this investigation. It may be of 
interest to state that we observed these systems 
in absorption and also in emission from the 
vapor of the lead oxide in the furnace. They are 
more completely developed in emission. 

The D system, which was first observed by 
Bloomenthal,® is strongly developed in absorp- 
tion, making an extension of the system possible. 
The positions of the heads of the bands of this 
system are shown in Table I, together with their 
vibrational quantum numbers. Those marked 
with an (*) have been previously observed by 
Bloomenthal.' The others are reported for the 
first time. The heads are represented within 
observational error by the formula 


v= 30,195.04 532.0(v' +1/2) —3.13(0' +1/2)° 

— 722.5(v"’ +1/2)+3.75(v" +1/2)" 
which is essentially the same as that given by 
Bloomenthal® except that it is necessary to 


7 Smith and Muskat, Phys. Rev. 29, 663 (1927). 
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TABLE I. Band heads in the D system. 











Yobs.~ v Yobs.~ 
observed v’ wv”  veate. observed wv’ vo” — deale. 
27287.7 0 4 —0.1 302340 3 2 —2.7 
27811.3° 1 4 —2.2 30432.0 2 1 2.0 
27979.3 0 3 0.0 30624.8° 1 0 —-0.7 
28314.3 6 7 1.5 307475 4 2 3.8 
284809 5$ 6 .-7.5 310360 6 3 —38 
28679.4* 0 2 2.1 tS a ee —7.6 
28843.9 3 4 0.7 31145.3* 2 0 0.3 
5 oe oe 3.8 313163 8 4 —2.1 
291613 5 5 8.6 31441.7 4 1 —8.5 
29385.8* O 1 1.0 31658.3 3 0O 0.1 
aiae.e 62—ClU2 1.7 32166.0 4 0 0.8 
29909.8* 1 1 —0.7 32230.0 7 2 3.0 
30100.8* 0 O 1.0 29857.0 5 4 3.1 











* Reported by Bloomenthal. 


raise the value of x,w,’ from 1.05 to 3.13 in 
order accurately to represent our data. 

In addition to the A, B and D systems, a new 
system of bands has been observed. These bands, 
which are weaker than those of the D system, 
are degraded toward the red. The origin of the 
system is slightly farther toward the violet than 
that of the D system. The band heads of this 
system are represented by the formula: 


v= 30,899.0+425.8(v' +1/2) —1.48(0'+1,/2)? 
— 722.5(v" +1/2)+3.75(v" +1/2)?. 


Table II gives a comparison of observed and 


TABLE II. Band heads in the E system. 











v Vobs.~ v Vobs 
observed v’ vw” wale. observed wv’ wv” ral. 
27668.0 1 5 —5.6 30463.8 1 l §.2 
27932.8 0 4 —3.0 30585.7 3 2 —2.2 
27979.3 § 7 —7.5 30752.3 0 0O 5 
28247.1 4 6 0.3 30887.3 2 1 &.8 
287679 2 4 10.6 31172.8 1 0 —0.8 
29193.9 3 4 —1.5 31232.6 8 4 1.4 
29747.3 1 2 —3.8 31590.5 2 0O —3.5 
29883.0 3 3 —4.9 31711.7 4 1 2.4 
30037.2 0 1 1.4 31809.6 6 2 —9.1 
30173.8 2 2 4 0 —(),7 


2.8 32425.0 


| 








calculated frequencies together with the assign- 
ment of vibrational quantum numbers. Addi- 
tional bands of this system were observed which 
were either too weak to measure or were obscured 
by stronger bands of the D system. 


SHAWHAN AND F. 





MORGAN 


In the vicinity of \\3600-4200 Lamprecht? 
reported a number of weak bands which have 
not been analyzed. Bloomenthal! states that the 
bands in this region were too weak to measure 
on his plates. These bands are fairly strong in 
absorption. It has been possible to measure 
them with an accuracy greater than that claimed 
by Lamprecht? and to add two additional bands 
not recorded by him. The heads of this system are 
represented by the formula 


v= 24,871.6+-516.0(0' + 1/2) —3.5(v’ +1/2)? 
—722.5(0" +1/2)+3.75(0 +1/2)?. 


The origin of this system lies between the 
origins of the B and D systems. It may therefore 
be referred to as the C system. It must not, 
however, be confused with the C system pro- 
posed by Mecke‘* although the origin is approxi- 
mately the same. Bloomenthal® was able to 
include in his B system nearly all the bands 
originally attributed to Mecke’s C system. The 
bands left out are included in the C system 
proposed here. The new values of the bands in 
this system are given in Table III. The bands 


TABLE III. Band heads in the C system. 











v Yobs.~ Ld Vobs. 


observed v’ vw”  deale observed vw’ ov’ Seats 
23351* 0 2 5 25565.2 3 1 5.9 
24052.6 0 1 —(.7 25780.8 2 0 1.5 
24352.9 2 2 —3.9 26038.0 4 1 —9.3 
24558* 1 1 —4 26278.9 3 0 4.6 
24765.7 0 0 —2.6 26753.2 4 0 —9.1 
25070.0 2 1 5.7 27244.8** 5 0 1.5 
25278.2 1 0 0.9 27716.7** 6 0 —0.6 








* Not observed by authors 
** Not previously reported 


were reported by 
Those 


in this table marked (*) 
Lamprecht? but not observed by us. 
marked (**) are reported for the first time. 

The authors wish to express their appreciation 
for the many essential suggestions and helpful 
advice which Professor Alpheus W. Smith and 
Dr. R. V. Zumstein have given in the course of 
this work. 
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The Elastic Scattering of Electrons in Argon and Krypton 


GLENN M. WesB,* Wayman Crow Laboratory of Physics, Washington University, St. Louis, Mo. 
(Received January 7, 1935) 


Scattering coefficients have been experimentally deter- 
mined for the elastic scattering of electrons in argon and 
krypton for the angular range 5° to 150° and incident 
electron energies 25 to 950 volts. In argon it was found 
that one maximum and two minima are present up to 150 
volts. In the scattering by krypton maxima of two different 
orders are observed, the first being prominent from 25 to 
100 volts, the second appearing at 100 volts for large 
angles. With increasing energies the first order maximum 
changes position progressively to smaller angles and 
merges with the main body of the scattering at about 200 


volts in argon and 350 volts in krypton. From 300 to 800 
volts one minimum only occurs in argon. There is a single 
maximum in the range 350 to 950 volts in krypton. The 
experimental results are compared with theoretical curves. 
At low voltages (for A) the agreement is only qualitative 
when Henneberg’s phases are used, while (for Kr), using 
Holtsmark’s phases, the agreement is excellent. At higher 
voltages (500 to 800 volts in A, and 700 to 900 volts in Kr) 
the scattering is given quite accurately by the Born ap- 
proximate equation for a limited angular range. 





INTRODUCTION 


HE elastic scattering of electrons by the 

rare gases has been investigated experi- 
mentally by several physicists. Accurately de- 
termined scattering coefficients' for these gases 
are now available for certain angular and pri- 
mary electron energy ranges. The following Table 
I summarizes the experimental results obtained 
up to the present. Only those researches are here 
mentioned which contain results in tabulated 
form. 

A glance at this table indicates that for the 
rare gases He and Ne the scattering has been 
investigated over sufficiently extensive a range 
of both angles and primary electron energies to 
enable one to check the curves computed theo- 
retically. As regards argon and krypton there is 
a definite lack of information at large angles 
(above 100°) and at small angles (below 20°) 
throughout the range of primary electron en- 
ergies 25 to 900 volts. For this reason it was 
thought advisable to determine the scattering 
for these two gases over the range of angles 5° 
to 150° and incident electron energies of 25 to 
900 volts. 


* This article is part of a dissertation to be presented to 
the Board of Graduate Studies of Washington University 
in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

1 The scattering coefficient is defined as the number of 
electrons scattered in a direction @ to the original beam, 
through unit solid angle, per unit length of path of the 
original beam, per single electron in the beam, per single 
atom in unit volume. 


EXPERIMENTAL PROCEDURE 


The experimental method used will not be 
discussed in detail since the apparatus has been 
described in a previous report.’ The argon and 
krypton were used directly from the manufac- 


TABLE I. Summary of experimental results on the scattering 
of electrons by rare gases. 











Gas Angular range Voltage range Ref. 
Helium 10°-150° 25-700 2 
20°-140° 4-50 3 
15°-167° 1.8-19,2 4 
Neon 10°-150° 15-800 5 
10°-120° 29-412 6 
10°— 40° 813 6 
30°-130° 6-30 3 
15°-167° 0.99-15.9 4 
20°-155° 50-150 7 
Argon 15°-120° 42-780 6 
20°-130° 6-30 3 
40°-160° 30-150 7 
15°-167° 0.6-12.5 4 
Krypton 15°-120° 41-800 6 
15°-167° 0.83-10.6 4 
Xenon 15°-120° 42-800 6 
15°-167° 0.61-8.1 4 








* A. L. Hughes, J. H. McMillen and G. M. Webb, Phys. 
Rev. 41, 154 (1932). 

*E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc. 
A133, 637 (1931). 

*C. Ramsauer and R. Kollath, Ann. d. Physik 9, 756 
(1931); 12, 529 (1932). 

* A. L. Hughes and J. H. McMillen, Phys. Rev. 43, 875 
(1933). 

*F. L. Arnot, Proc. Roy. Soc. A133, 615 (1931). 

7 C. B. O. Mohr and F. H. Nicoll, Proc. Roy. Soc. A138, 
469 (1932). 
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turer’s containers; the labels thereon stated the 
gases were better than 99 percent pure. 

In the experiments with argon the gas was 
allowed to leak out of the container through a 
small capillary tube continuously; the rate of 
pumping was so adjusted that the proper pres- 
sure (to insure single electron collisions only) was 
maintained. In the work with krypton this 
method could not be used due to its comparative 
rarity and high cost. The method was to seal the 
pumps off from the apparatus after it had been 
baked out for two hours at about. 250°C, allow 
a small quantity of gas to enter the collision 
chamber and then circulate the gas by means of a 
fast pump in series with a trap cooled with solid 
CO: to remove impurities. The increase in 
pressure under these conditions with the electron 
gun operating was less than three percent over a 
period of four hours. A single run required, on the 
average, about an hour. 


EXPERIMENTAL RESULTS 


(1) Argon 


The results obtained for argon are tabulated 
in Table II in arbitrary units and illustrated 


TABLE II, Elastic scattering of electrons in argon. 
(Arbitrary units.) 








V 
25 50 100 150 240 360 510 780 
6 
— 
5 620 602 
10 146 118 172 414 1840 262 207 
1S 98.5 64.8 92.2 144 940 121 86.0 
20 45 67.5 40.1 48.0 78.0 520 48.5 37.1 
25 46.8 24.8 27.2 39.2 301 27.9 17.0 
30 Sil 33.3 15.8 17.8 24.6 184 16.9 9.91 
40 18.0 18.4 6.80 7.80 12.8 89.1 7.8 4.32 
50 11.4 8.4 3.38 4.82 8.7 47.2 4.72 2.21 
60 6.22 3.0 2.50 3.41 6.2 30.1 2.86 1.24 
70 2.95 2.01 2.62 3.02 4.3 19.9 1.85 .763 
80 2.57 3.22 3.02 3.17 3.2 14.6 1.32 .565 
90 3.09 5.55 3.35 2.69 2.2 10.2 1.20 455 
100 3.91 6.02 2.95 1.50 1.0 9.3 1.09 .400 
110 3.69 5.20 2.01 0.83 1.2 10.2 1.26 .378 
120 2.69 3.50 1.25 0.93 1.81 12.3 1.36 400 
130 2.19 1.42 1.35 2.42 2.95 15.5 1,70 431 
140 2.12 1.30 2.87 4.68 5.70 20.9 2.26 525 
150 2.30 2.61 5.70 8.61 1.12 28.4 3.02 660 





graphically in Figs. 1 and 2.8 The most promi- 
nent feature is a maximum occurring at about 
90° for the lower voltages. It is very small at 150 
volts and at 240 volts is perceptible only in the 
form of a kink in the scattering curve. A very 





*On these same graphs are plotted theoretical curves 
which will be discussed later. 
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prominent minimum is also present throughout 
the whole range of electronic velocities investi- 
gated. It shifts its position steadily from 145° at 
25 volts to 96° at 760 volts. 

The agreement of these results with those 
previously obtained by other investigators is 
good. Arnot’s 240 volt curve is in excellent agree- 
ment with the present corresponding curves. 
Mohr and Nicoll’s results at 150 volts are checked 
except for a very slight maximum which is not 
present in their curve. The general angular shift 
of maxima and minima is in agreement with 
Arnot’s observations. 


(2) Krypton 


The experimental results obtained for krypton 
are given in Table III in arbitrary units; Figs. 


TABLE III. Elastic scattering of electrons in krypton. 
(Arbitrary units.) 





\ V 
25 55 100 250 350 510 780 950 

a 

5 3210 7560 835) 342 790 

10 1950 4220 341 286 262 230 192 

15 1160 2410 142 960 121 92.3 85.3 

20 92.5 657 1310 65.0 45 64.5 48.1 40.1 

25 62.8 455 613 31.8 21.5 37.1 26.7 18.6 

x) 643.3 242 233 13.8 14.5 23.3 16.8 12.4 

40 20.6 53.4 20.1 10.1 8.23 9.35 7.32 5.90 

50 10.2 15.8 22.5 11.1 4.55 3.87 3.77 2.47 

60 4.02 29.2 55.2 6.50 2.55 2.08 2.07 1.10 

70 1.92 40.8 53.0 2.1 1.31 1.42 1.26 1.03 

80 2.65 32.9 29.2 1.1 1.35 1.60 917 1.55 

90 4.48 18.6 12.8 2.8 2.42 2.74 1.53 1.54 
100 5.62 2.43 8.31 49 3.35 2.93 1.54 1.15 
110 4.37 2.41 8.92 6.5 2.33 1.85 .693 49 
120 2.85 1.45 21.8 4.7 91 58 .713 58 
130 1.69 2.88 27.3 2.0 58 88 1.56 1.50 
140 .79 5.20 16.2 14 2.36 2.90 3.05 2.31 
150 43 10.7 2.95 5.3 5.52 7.35 $.22 2.85 


8 


3 and 4 illustrate the results graphically. 
The main feature of this set of curves is the 
occurrence of a single maximum at low energies 
which merges with the main body of the scatter- 
ing above 250 volts. Above 55 volts a second 
maximum appears which, as the energy of the 
colliding electrons is increased, retreats into 
smaller angles. This second maximum is present 
up the the highest voltage used (950 volts). 

The general nature of these curves is the same 
as found by Arnot. His 54 and 820 volt curves, 
for example, agree very well with the present 
55 and 780 volt curves, respectively, at large 
angles. 

In view of the good agreement of the present 
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Fic. 3. Elastic scattering of electrons in krypton. A, B 
and C, comparison of experimental points with theoretical 
curves; D, E and F, experimental curves. 
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_ Fic, 4. Elastic scattering of electrons in krypton. Solid 
lines, Born’s approximate equation (Thomas-Fermi field); 
points, experimental values. 


results with those obtained by other investiga- 
tors, it is believed that they are free from serious 
error due to peculiarities of the apparatus used 
and accurately represent the true scattering. 
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DISCUSSION 


A. Low incident electron energies 


Faxen and Holtsmark have shown that the 
elastic scattering of electrons by a spherically 
symmetrical field is given by * 


1(0)= | F(@);* 


ite 
=—|5-(21+1)P,(cos 6)(e%'—1)| , (1) 


E| i=o | 


where /(@) is the scattered intensity at an angle 
6, E is the energy of the incident electrons in 
atomic units (E=1 corresponds to 13.54 volts), 
l is the orbital angular momentum quantum 
number, and P, is the Legendre polynomial of the 
Ith degree. 5, is the phase difference between the 
asymptotic solution of the equation 


[d?/dr?+E+2V—iKi+1)/r? jy=0, (2) 


when V is zero, and when V is the potential 
field of the atom. 

Before the actual evaluation of Eq. (1) can be 
carried out, it is necessary to determine the phase 
differences. Holtsmark'® has computed exact 
phase shifts for argon and krypton for values of 
E from 0 to 4 using the self-consistent field given 
by Hartree’s method. His calculations also 
include a correction for polarization. Arnot and 
Baines" have very recently computed phase 
shifts for krypton (E=0, 1, 4, 9) using Jeffry’s ap- 
proximation and Holtsmark’s atomic field values. 

To compute theoretical curves for krypton in 
the present work, Holtsmark’s exact phase shifts 
(for /=0, ---, 4) for 25 and 55 volts were used. 
For the 100 volt curve, the phase shifts (for 
l=0, ---, 6) were obtained by interpolating 
between the values given by Arnot and Baines 
for 55 and 121 volt electrons. These three theo- 
retical curves are shown in Fig. 3, and the agree- 
ment with the experimental points is seen to be 
exceptionally good. 

Since the phase-shifts have not yet been com- 
puted for argon using the Hartree field at moder- 
ate voltages, a method developed by Henne- 


*H. Faxen and J. Holtsmark, Zeits. f. Physik 45, 307 
(1927). 

1” J. Holtsmark, Zeits. f. Physik 55, 437 (1929); 66, 49 
(1930). 

uF, L. Arnot and G. O. Baines, Proc. Roy. Soc. A146, 


651 (1934). 
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berg,” using the W-K-B approximation and the 
Thomas-Fermi field was used. The phase shifts 
are determined by the equation 


I(d+1) 7]? 
tm [evar Ys 
“R r? j 
er (141)? 
- faye, © 
Ro Y 


where R and R, are the roots of the respective 
integrands, E is the incident electron energy and 
V is the potential field of the atom under con- 


sideration, given by 


V=(Z/r)e(r/m); w=0.885/Z2"%. (4) 


Upon substituting equation (4) in (3) we note 
that the resulting formula for 5,Z~' remains 
invariant if we place 


EZ-‘*8=EF,Z,-“*; U(l+1)Z-"8 
=1,(1:+1)2Z, u/s (5) 


where E, Z and F&,, Z; are corresponding values 
of the incident electronic energy and atomic 
number of the scattering atom. If we define a 
quantity, g, such that 


G= (Z, Z)} a 
it is seen that 
5z(£)=q '5z,(qtE), 


and the value of / is changed according to the 


relation 


lz=q 'dz,+ ,)—3 


Henneberg has computed the phase shifts for 
mercury (Z,;,=80) by graphical integration of 
Eq. (3) for /=0, ---, 10 and E=0 to 50. Hence 
we can immediately compute from his results the 
phase shifts for any atom of atomic number Z 
sufficiently large to make the use of the Thomas- 
Fermi field valid. Thus the phase shifts for 
argon have been determined by this method for 
primary electron energies from 25 to 100 volts. 

Henneberg points out that for low velocity 
electrons (but not so low that exchange effects 
are appreciable) one can get an accurate picture 
of the shape of the angular distribution curves 
by using in the evaluation of Eq. (1) only those 


” W. Henneberg, Zeits. f. Physik 83, 555 (1933 
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terms for which 6,>72/2. The reason for this is 
that the products (2/+1) sin 26, and (2/+1) 
(1— cos 24,), being the coefficients of the /th 
Legendre polynomial P,, determine the relative 
contributions of the various P’s. Obviously, 
since 5, decreases monotonically with increasing 
l (for large /, roughly as /-*) that value of 4, 
nearest to 7/2 will have most effect in determin- 
ing the shape of the scattering curve. 

To test this out for argon, the theoretical 
curves for 25, 50 and 100 volts are plotted in 
Fig. 1 on the same graphs as the experimental 
points. For each of these curves the first three 
values of 5, (for /=0, 1, 2) were used. The agree- 
ment is best for 50 volts, good for 25 volts and 
only fair for 100 volts. In this last curve, the 
shape (i.e., the positions of maxima and minima) 
is predicted quite accurately, but the absolute 
magnitude of the scattered intensity is con- 
siderably in error. Thus we see that as the inci- 
dent electron energy increases we must include 
in our evaluation of Eq. (1) a correspondingly 
greater number of terms. 

This lack of complete agreement between 
theory and experiment at 100 volts may also be 
partially explained by the following factors: 
(1) Use of the Thomas-Fermi rather than the 
Hartree field; (2) neglect of polarization which, 
according to Massey and Mohr,” is of consider- 
able importance, and (3) neglect of exchange. 
The excellent agreement of the low voltage 
krypton experimental results with theory sub- 
stantiates these conclusions when it is remem- 
bered that there the Hartree field was used and 
polarization was taken into account. In an at- 
tempt to get better agreement with experiment, 
phases for argon are being calculated using the 
Hartree field as given by Holtsmark. 


B. High incident electron energies 

When the incident electron energy is suffi- 
ciently high, it is of interest to compare the ex- 
perimental results with Born’s approximate 
equation. Mott" has put this equation in a 
convenient form by making use of the F-factors 
calculated from the self-consistent field : 


8H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 
A146, 880 (1934). 

4 N. F. Mott, Proc. Roy. Soc. A127, 658 (1930). 

%R,. W. James and G, W. Brindley, Phil. Mag. 12, 81 
(1931). 
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1(0) = (e*/4m*v*)(Z — F)* cosec* 6/2. (6) 


When the Thomas-Fermi field is used, an integral 
equation connecting the scattered intensity and 
scattering angle is obtained which can only be 
solved by numerical integration. Mitchell" and 
Bullard and Massey," carrying out this integra- 
tion, have tabulated J(@)Z~*” as a function of 
Zp sin 6/2. 

For heavy atoms the Born approximate equa- 
tion obtained with either of the above atomic 
fields should be valid; but as the atomic number 
decreases the Hartree field can be expected to 
give better results than the Thomas-Fermi field. 

In Fig. 2 Eq. (6) has been plotted for 760, 
510 and 360 volt electrons in argon. The agree- 
ment at the highest voltages is good to angles up 
to about 100 degrees, while at 360 volts the 
experimental curve rises above the theory curve 
below 10° and at large angles. 

In Fig. 4 the Born approximate equation has 
been plotted using the Thomas-Fermi field for 
krypton at 950 and 780 volts. It is seen that for 
both curves the experimental results fit the theory 
up to about 40°; beyond this point the experi- 
mental curve oscillates about it. 

In order to obtain better agreement between 
theory and experiment at these high energies, it 
appears that only one additional factor need be 
taken into account: distortion. The general 
effect of including distortion is to introduce 
maxima and minima in the angular distribution 
curves. Since the Born approximate equation 
is valid at small angles we should expect ex- 
cellent agreement between theory and experi- 
ment throughout the complete angular range if 
distortion were included. The effect of exchange 
and polarization are undoubtedly small at these 
energies. 


CONCLUSION 


It is a pleasure for the writer to acknowledge 
his indebtedness to Professor A. L. Hughes, who 
suggested and directed this research, for his 
continued interest throughout the course of the 
work. 


% A.C. G. Mitchell, Proc. Nat. Acad. Sci. 15, 520 (1929) 
17 E. C. Bullard and H. S. W. Massey, Proc. Camb. Phil. 
Soc. 26, 556 (1930). . 
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The distribution-in-angle of electrons scattered elasti- 
cally by molecular hydrogen has been investigated through- 
out the angular range 5° to 150° with incident electron 
energies varying from 30 to 912 volts. At low energies (30 
to 100 volts) a single minimum occurs at about 90°. At 
the higher energies (200 to 912 volts) the curves all fall 
monotonically with angle. The experimental results are 
compared with theory. At low velocities of impact the 
agreement is excellent up to 100° when the Born formula 
is altered to take into account polarization. At the higher 
velocities the Born formula gives quite accurately the 
scattering up to about 60°. Beyond 60° the experimental 


points all fall consistently above the theoretical curves. A 
comparison of the theoretical atomic and molecular curves 
with the 100 volt experimental values is made. The curve 
for the molecule agrees best with the experimental data. 
In an attempt to detect the diffraction pattern in the 
experimental H, curves, the experimental molecular 
scattering coefficients were divided by the theoretical 
atomic scattering coefficients; this ratio was then plotted 
as a function of 2xmvay sin 40/h and compared with the 
predicted curve. Agreement is good to about 70° for 912 
volt incident electrons. 





INTRODUCTION 


HIS paper is an account of an investigation 
of the angular distribution of electrons 
scattered elastically by molecular hydrogen. 
The problem is of considerable fundamental 
importance because of the comparative simplicity 
of the hydrogen molecule. This molecule is the 
only one for which extensive theoretical calcula- 
tions have been made. 

Much work has been done on the problem 
of electrons elastically scattered by hydrogen. 
Arnot! determined the scattering coefficient? over 
a range of angles of 10° to 120° and voltages of 
29 to 205 volts, and from 10° to 40° for 412 and 
820 volts. Bullard and Massey* working with 
electrons in the low energy region 4 to 30 volts 
give values of the scattered intensity for angles 
from 20° to 120°. Ramsauer and Kollath* in- 
vestigated the scattering at very low energies 
(1.15 to 11.0 volts) over the angular range 15° to 
165°. Hughes and McMillen® have worked with 


* This article is part of a dissertation to be presented to 
the Board of Graduate Studies of Washington University 
in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

iF, L. Arnot, Proc. Roy. Soc. A133, 615 (1931). 

2 The scattering coefficient is defined as the number of 
electrons scattered in a direction @ to the original beam, 
through unit solid angle, per unit length of path of the 
original beam, per single electron in the beam, per single 
atom in unit volume. 

7E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc. 
A133, 637 (1931). 

4C. Ramsauer and R. Kollath, Ann. d. Physik. 12, 529 
(1932). 

$A. L. Hughes and J. H. McMillen, Phys. Rev. 41, 39 


(1932). 


35 to 200 volt electrons (50° to 170°), checking 
the general characteristics of the scattering 
curves in this region observed by others. As yet 
no extended results have been published which 
have been obtained with a single apparatus and 
which might be used to check adequately exist- 
ing theories. Hence, it was thought to be desir- 
able to determine the scattered intensity ac- 
curately over a wide range of angles and voltages. 
The angular and voltage ranges investigated in 
the present research were 5° to 150° and 30 to 
912 volts respectively. 


EXPERIMENTAL METHOD 


The apparatus used in this work is the same as 
was used in the study of argon and krypton.° 
The hydrogen was made by electrolyzing a 
dilute solution of H2SO,; the wet gas was dried 
and purified by allowing it to run slowly through 
three traps in series immersed in liquid air. 
(The last one contained outgassed activated 
charcoal.) The gas was collected in a Pyrex 
liter flask which had been previously baked out 
at 400°C. 

Since the scattering from Hg is so small, diffi- 
culty was experienced in getting rid of the back- 
ground scattering. However, by baking the 
apparatus at 250°C just before using, the back- 
ground scattering was reduced to a minimum. 
At angles above 90° it varied from two to eight 
percent of the total scattering. The final read- 


® See preceding paper of this journal. 
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ings were corrected by the proper amount in 
each case. 
EXPERIMENTAL RESULTS 


The experimental results are tabulated in 
arbitrary units in Table I and illustrated graphi- 


TABLE I. Elastic scattering of electrons in molecular hydrogen. 
(Arbitrary units.) 





V 
\ 30 50 100 200 350 600 912 
6 


5 203 215 4140 (7270) (3910) 


10 170 141.5 502 750 1530 915 

15 135 95.8 337 208 180 377 337 
20 111 $1.3 228 121 72 198 161 

25 85.2 150.5 79.4 26.5 113 90 
30 63.7 26.5 96.9 48.2 15.4 63.3 49 
40 33.0 11.7 44.7 18.6 7.20 29.9 21.3 
50 19.0 5.53 23.4 11.4 4.63 17.8 7.30 
60 11.2 3.23 14.3 8.01 2.90 90 4.00 
70 6.68 1.99 10.4 5.44 1.80 5.13 3.06 
80 4.28 1.33 7.37 4.30 1.42 4.01 2.42 
90 3.45 1.12 5.57 3.62 1.11 3.35 1.96 
100 3.40 1.09 4.62 3.32 .93 2.71 1.60 
110 3.87 1.17 4.72 3.20 83 2.31 1.31 
120 5.34 1.41 4.98 3.03 .74 2.20 1.01 
130 7.28 1.69 6.15 2.68 67 1.91 72 
140 8.7 1.97 7.75 2.51 .63 1.72 63 
150 9.87 2.42 10.1 2.06 59 1.61 53 





cally in Figs. 1 and 2. On these same graphs are 
plotted theoretical curves to be discussed later. 
It will be noticed that at 30, 50 and 100 volts 
there is a pronounced minimum in the region 
100°—120°. At 200 volts and above, the minimum 
disappears and the curves all fall monotonically 
with angle. 

The agreement with previous works is good as 
regards the general characteristics of the curves. 
In Fig. 1, Arnot’s 29 and 200 volt points are 
shown. Bullard and Massey’s 30 volt results 
(not shown) agree with the present 30 volt 
curve better than do Arnot’s or Hughes and 
McMillen’s. The latter’s 100 volt curve is in 
good agreement with the present curve. 

The values of the scattering coefficients ob- 
tained are believed to be free from serious error 
because they agree closely with those obtained 
by other investigators in the overlapping regions. 
Since the apparatuses used were of widely differ- 
ent types, we are justified in saying then that 
these results really represent the true scattering. 


DISCUSSION 


The theory of the scattering by molecules is a 
much more complicated phenomenon than the 
scattering by atoms. The atomic field is spheri- 


cally symmetrical while the molecular field 
(for Hg) is axially symmetrical. The method of 
the self-consistent field has not yet been ap- 
plied to this type of field, but for the hydrogen 
molecule Wang’ and Rosen* have applied varia- 
tional methods to the problem and obtained ap- 
proximate wave functions. 

Using these approximate wave functions, 
Massey and Mohr,® assuming the applicability 
of Born’s approximation, have shown that the 
scattering by a number of independent axially 
symmetrical fields will be a function only of » 
sin (1/2)@ (v is the velocity of the incident elec- 
trons and @ the angle of scattering) when the 
axes of these fields are oriented at random. The 
final result obtained by Massey and Mohr is that 


1(@) = (1+ sin x/x)(,+J2)" 
+higher order terms, (1) 


where /(@) is the scattered intensity per unit 
solid angle at an angle @, ‘J; gives the scattering 
by the two atoms considered separately, but with 
effective nuclear charge 1.166; J; gives the effect 
of the molecular binding in producing a con- 
centration of charge between the nuclei, and 
(1+sin x/x) is the diffraction factor due to the 
two scattering centers.’ In this equation 
x =4xmvd sin (1/2)0/h where d is the equilibrium 
nuclear separation (20.80 10-* cm). 

In order to evaluate the Eq. (1), J; was calcu- 
lated from the expression 


I, = °Z-4(2Z?4+ K?)(Z2+K?)*, 


(2) 
Z=1.166/a9; K=2xrmy sin }0/h, 


where do is the radius of the first Bohr orbit 
(20.53 x 10~-*). Js is. given in the form of an inte- 
gral equation which is not amenable to direct 
calculation. However, Massey and Mohr have 
computed the ratio (4;+/.2)/J;=\ for hydrogen. 
Hence, after obtaining J, from Eq. (2), and using 
these values of A, we can compute the sum 
(1,+Is). 

In this manner complete scattering curves for 
molecular hydrogen have been computed for 


7H. Wang, Phys. Rev. 31, 579 (1928). 

* N. Rosen, Phys. Rev. 38, 2099 (1931). 

*H. S. W. Massey, Proc. Roy. Soc. A129, 616 (1930); 
Massey and Mohr, ibid. A135, 258 (1932). 

‘See Mott and Massey, Theory of Atomia Collisions, 
Oxford University Press, page 205. 


= 

















386 GLENN M. 
Q 
o ‘ 
‘ 
‘ 
i 
; a 
' | 
7 § 
; ‘ 
a + 
: ’ 
' 14 
' Pn 
’ ‘ 
‘ 
: ‘ 
' ‘ 
' 4 
: ‘ 
* } \ 
3 - ' \ 
- a x‘ 
s : 7’. 
s 5Ov y 
—- ) - 
~ mw s 
. et x : 
. ™~, ¥ 
. ° i oo 
a ‘ ™ 4 
. 2 s 
3], a 2 —e—-—_* ——EE 
' r 
' ay 
- i 
- H 50 v ‘ 
€ 
. 
. 
5 
150° 


Seatering 














°° 30° 60° 10° 120° 150° 


Fic. 1. Elastic angular distributions in hydrogen. Solid 
line, calculated using Born'’s approximate equation; 
dashed line, calculated taking polarization and distortion 
into account also. Crosses, Arnot's 29 volt experimental 
values; plusses, Arnot’s 205 volt experimental values. 
All others: Author's observed values. 


primary electron energies 30-912 volts. These 
have been reproduced in Figs. 1 and 2 in solid 
lines along with the experimental points. Each 
set of experimental points has been fitted ar- 
bitrarily to its corresponding theoretical curve. 
We see that at intermediate angles (10° to 70°) 
the Born approximate equation appears valid 
from about 100 to 912 volts. But even at 912 
volts for large angles the experimental points 
fall consistently above the curve predicted by 
the theory. At the lower voltages (30-100 volts) 
the experimental curves rise much more rapidly 
at small angles than do the theoretical curves; 
further, at large angles, the increase in scattering 
observed experimentally is not present in the 
calculated curves. 
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Fic. 2. Elastic angular distributions in hy- 
drogen. Solid lines, Calculated using Born’'s 
approximate equation; points, Experimental 
values. 


To explain the departures of the observed 
curves from the theoretical curves it is necessary 
to recall the approximations made in the theoreti- 
cal development. Born’s approximation assumes 
that the atomic field is undisturbed by the incident 
electrons and that the effect of the atomic field 
on the colliding electron is small. This approxi- 
mation takes into distortion 
(disturbance of the incident and scattered elec- 
tron waves by the field of the atom) nor ex- 
the 


account neither 


change nor polarization (disturbance of 
atomic field by the incident electron). 

The effect of distortion is best studied by the 
method of Faxen and Holtsmark." In order to 


_4 See Mott and Massey, Theory of Atomic Collisions, 
Chapter X, for detailed discussion. 
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apply this method to the scattering of electrons 
by molecules, however, it is necessary to take 
a much simplified form for the molecular field. 
Stier” has done considerable work on the prob- 
lem, and using a field suggested by Allis and 
Morse’s" simplified atomic field, has arrived at a 
formula very similar to Eq. (1) of the preceding 
paper yet more complicated. As far as the writer 
knows this formula has not been evaluated for 
hydrogen, but the general result expected would 
be the appearance in the angular distribution 
curves of maxima and minima in analogy with 
the scattering by atoms. (Probably for Hy; a 
single minimum would be predicted, since that 
alone is observed experimentally). 

The effect of exchange has been studied by 
several theoretical physicists. Massey and Mohr" 
state that this effect is quite negligible in atomic 
hydrogen when the incident electron energy is 
greater than 70 volts; Morse and Allis” give a 
lower value (30 volts) to the energy at which 
exchange effects seriously begin to affect the 
angular distribution curves. Hence, we are cer- 
tain that the lack of agreement of the present 
experimental and theoretical curves wil! not be 
appreciably improved by inclusion of exchange 
considerations. 

A recent paper by Massey and Mohr" has to 
do with a detailed study of the polarization 
effect in hydrogen (atomic) and helium. They 
point out that the scattered amplitude can be 
considered as comprising the sum of three terms: 
That given by Born’s first approximation plus 
terms due to the polarization and distortion 
effects. They have calculated, for atomic hydro- 
gen, scattering curves (5° to 100°) for 205, 54, 
29 and 83 volts. The first three of these were 
compared with experimental curves for 200, 
50 and 30 volts respectively. These calculated 
curves are shown in Fig. 1 (dotted lines). The 
agreement with experiment is seen to be excel- 
lent. 

Thus we see that over the angular range 10° 
to 100° the experimental results are adequately 





2H. Stier, Zeits. f. Physik 76, 439 (1932). 

%’W. P. Allis and P. M. Morse, Zeits. f. Physik 70, 567 
(1931). 

4H. S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 
A132, 605 (1931); A136, 289 (1931); A139, 187 (1932). 

% P. M. Morse and W. P. Allis, Phys. Rev. 44, 269 (1933). 

%®H.S. W. Massey and C. B. O. Mohr, Proc. Roy. Soc. 
A146, 880 (1934). 





(arbitrary units) 


Scattering Intensity 
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Fic. 3. Comparison of observed values (100 volts) with 
theoretical atomic and molecular curves. Solid line, 
Theoretical molecular curve; dashed line, Theoretical 
atomic curve; circles, Observed values. 


explained only when terms arising from polariza- 
tion and distortion are added to the Born ap- 
proximate equation. Since these two effects 
become rapidly less prominent as the voltage is 
increased, it is not yet clear why the experi- 
mental curves at high voltages and large angles 
lie above those calculated from the Born equa- 
tion. Perhaps the effect of molecular binding is 
larger at these energies and angles than has 
previously been thought to be the case. Also, 
the use of a better wave function, such as that 
of James and Coolidge,"’ might give better agree- 
ment between theory and experiment. 

It is of interest to compare the experimental 
curves for Hz with those calculated from the 
Born approximate equation for the atom and 
molecule. In Fig. 3 this comparison has been 
made for 100 volt electrons. The solid curve is 
for molecular hydrogen, the dashed curve for 
atomic hydrogen and the circles are the experi- 
mental points. All three curves have been fitted 
at 30°. It is seen that the experimental points 
agree most closely with the curve computed for 
molecular hydrogen. 

It is also of interest to detect, if possible, the 
existence of a diffraction pattern in the scattering 
curve. Because of the (1+ (sin x) /x) factor this is 
to be expected; however, owing to the rapidity 


17 H. M. James and A. S. Coolidge, J. Chem. Phys. 1, 825 
1933). 
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Fic, 4. Illustrating the diffraction pattern in hydrogen. 
Ordinates, Ratio of the scattering by H; to the scattering 
by 2H; solid line, Theoretical; circles, Observed values. 


with which the experimental curve decreases 
with angle, its actual observation in He is diffi- 
cult. If, however, we calculate the ratio of the 
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scattering by Hz (experimental) to the theoretical 
scattering by two hydrogen atoms and plot the 
result as a function of Kao, we should get a curve 
which oscillates about the value unity. This has 
been done for 912 volts, and the result is shown 
in Fig. 4. The solid line is the theoretical ratio, 
the circles the experimental points. We note that 
the agreement is about as good as could be ex- 
pected. At large values of Kay the experimental 
points lie far above the value unity. The reason 
for this is that in the angular distribution curve 
the experimental values fall above the theo- 
retical curve. 
CONCLUSION 

The writer takes this opportunity to express 
his appreciation to Professor A. L. Hughes who 
proposed this problem and whose suggestions 
were invaluable aids throughout the investiga- 
tion. 
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Isotope Effect in Acetylene 


WALTER F. Coisy, University of Michigan 


(Received January 8, 1935) 


The normal frequencies of the linear acetylene molecule have been computed for infinitesimal 
vibrations with the generalization that the masses of the two hydrogen atoms are different. 
Constants of the potential energy have been determined by using the well-known frequencies 
of normal acetylene. Numerical calculations have then been carried through for the molecules 
C;:HD and C,D, and the results compared with observed frequencies. 


ECENT measurements in the infrared of the 

absorption bands of acetylene in which one 
or both of the hydrogen atoms has been replaced 
by deuterium makes it desirable to calculate at 
least in first approximation the normal fre- 
quencies for this molecular model. It is well 
known that the four atoms of acetylene lie in 
one line and the consequent symmetry makes the 
problem of infinitesimal vibrations comparatively 
simple. If one takes as provisional coordinates, 
displacements of the atoms in their own line and 
perpendicular to it, a general expression for the 
energy containing only quadratic terms will 
contain squares of these coordinates and like- 


wise products with the exception of those which 
involve the perpendicular displacements linearly. 
This is obvious from the symmetry of the model. 
The energy expression, therefore, separates into 
two parts each of which contains only one type of 
displacement and one may solve for the fre- 
quencies in two distinct calculations. The 
longitudinal displacements involve three normal 
coordinates and the transverse involves four 
coordinates which are degenerate in two pairs. 
We shall first consider the longitudinal dis- 
placements choosing as coordinates the relative 
displacements of the particles H —x,—C—x.—C 
—x;—H. The potential energy may then be 
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written 
2V=K,(x,?+x;*)+ Kx," 
+ 2K;3( X Xe +X2X3) + 2K 4x1 Xs. 


Only four constants are involved since the dis- 
placements x, and x; are symmetrical. Both 
K; and K, may be considered small since they 
record the interaction of nonadjacent atoms. 
K, is doubtless too small to influence these calcu- 
lations appreciably. 

Calling the change of coordinates of the four 
atoms taken in the same order, i, Ve, Ys, V4, 


2T= mye + My? + My? +mye’. 


Where m,; and mz are the masses of the two 
hydrogens and M that of the carbon atom. 

Four equations may be written of which three 
interrelate the x’s and y's and the fourth states 
the condition for stationary centroid. With the 
help of these the kinetic energy may be written 
as follows: 


2>7T=m,(m2+2M)e,7+(M+m),)(M+m.)z2" 
+ me(m,+2M)ie3?+2m\(m,+ M)aide 
+ 2m mod 143+ 2m2(m,+ M)aeods, 


where >=m,+m.+2M, the total mass of the 
molecule. 

Setting up the determinant in \(=(27v)*) one 
obtains a cubic equation which for the case 
m,=m,=m may be factored into the two equa- 
tions 


4 


a a ee, ae 
Mi(m+M) 2mM 


i) 


y 5 y2 


a “i 
Mi(m+M) |] 


Recieenaiien 
Mm(m+M)? 
1 Ko(Ki+K,) 


> 





K,-—K, 
be —mntpanG, 
2mM 


The linear equation does not contain K; and 
is therefore to be identified with a vibration 
which involves no relative motion of the two 
carbons. This frequency has been called v3; by 
Dennison. It will be seen that for this vibration 
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the dependence of the frequency on m is given 
by the factor (=/m)!, independent of the force 
constants. 

This gives a ratio of (13/7)! for the frequencies 
vs for CoH and C2Dz. 

For the remaining longitudinal frequencies 
which Dennison has called »,; and v2 the situation 
is not so simple and it is necessary to solve for 
the constants K. This may be done in close 
approximation by using the three known parallel 
frequencies of normal acetylene which are given 
by Sutherland! as 


vy, = 1974, v3= 3288. 


¥e>= 3372, 


The equations contain four constants and with 
only three frequencies it will be necessary to set 
K,=0. We thus obtain 

K,= 5.850 10° dynes/cm 
27.432 K 10° 


K.= 15.587 
0 
5.896 x 10°. 





The double values of K; and K; arise from the 
quadratic equations in which they appear and 
for this calculation it is immaterial which pair is 
used since the results will be the same. It may 
be noted that the first pair in which K; is much 
smaller than K, is the more plausible. 

Setting these constants into the quadratic 
equation for A, one obtains, together with vs 
the following frequencies for C2Dz: 


Vve>= 2690, ¥3= 2414. 


vi>= 1750, 


For the molecule C;HD it is necessary to 
return to the cubic in \ in which have been sub- 
stituted m,;=1, mz=2, M=12 and the above 
values of K. This yields 


y= 1840, ¥e= 3335, V3> 2560. 


To set up the potential energy expression for 
transverse displacements it is most convenient 
to choose as coordinates the angles made between 
the line connecting the two carbons and the lines 
connecting each hydrogen with its adjacent 
carbon. Calling these angles a; and ae, 

V= 4K 3(ay?+ ag") + Keane. 
For the kinetic energy 
T= 4 (m,2;°+ Ma.?+ Mi;?+mz22,’). 


Where x indicates the displacement of an atom 
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normal to the axis of the molecule. These coordi- 
nates are related through the equations 


ay= (x2—X))/a+(x2e—x3)/b, 
ato= (x3— x4) /a+(x3—X2)/b. 


Where a is the normal distance from // to C and 
b from C to C. 
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Translation and rotation may be removed with 
the equations 
m xX, + Mxo+ Mx3+m2x,=0, 


aMxe+(at+b)Mx34 


2a+b)meox,=0. 


The determinant in \ is now of second order and 
yields the following equation: 


K, M M Ke 
Na+ Nal - “(2440-44 +—+- ) + (4e-+40)| 


M 


mM, Me 


K?—K;? 


+ —_ 
M? 


where c=a/b. It contains besides the two force 
constants K, and Ke, the two lengths a and b. 
For m,=m.,=m, it may be factored into 
Asa? = (1+4¢+4c?+ M/m)/M(K,-—K:2), 
Aya? =[(M+m)/Mm](K,+K2). 


That frequency in which K, and Kz enter 
symmetrically has been identified with v, in 
which the two carbon atoms move in the same 
direction. Since one may write 

Aya? =A,(1+M/m), 


the dependence on m is very simple and one has 
the ratio of frequencies », for CsHe and C.D, 
equal to (13/7)?. 
Even in the case of »; which may be written 
\ja?= Ao(1+4ce+4c?+ M/m), 


the ratio of frequencies is independent of K and 
may be evaluated by assuming a value for 
c=a/b. 

By using the values given by Mecke a=1.08 
<10-* and 6=1.19X10-%, the ratio of the fre- 
quencies vs for CpHe and CeDz is (19.92/13.92)!. 

For the molecule C,HD it is necessary to 
evaluate the force constants with the help of 
the frequencies », and »; for normal acetylene 
which are given by Sutherland' as »,=730, 
v; =605. By using Mecke’s values for a and } 


K,=2.442x10-", 
K:=0.92210-" 


dyne cm/rad. 


Returning to the second order determinant with 
m,=1 and m,.=2 we get »,=669, »;=523. The 
frequencies are thus as presented in Table I. 
Observations of absorption bands of C:HD and 





1 Sutherland, Phys. Rev. 43, 883 (1933). 


M* sM M 
- +( +—)(t+2e+20)+14+4e+4e]=0, 


mime my Mo 








TABLE I. Frequencies of acetylene molecule. 





C.II, C.HD C.D, 
vy 1974 1840 1750 
ve 3372 3335 2690 
v3 3288 2560 2414 
M% 730 669 535 
Vs 605 523 505 


TABLE II. Data on vibrational frequencies of acetylene 
molecule. 








Freq Freq 

Molecule Assignment Character obs cale, 
C.D. se 539.2 535 
C.D, verry 1043 1040 
C,.DH V4 679 669 
C;:DH v | 518.9 523 
C,DH wt rs 1202 1192 
2585 2560 


C,DH ¥3 


C.D, have been made in the infrared by Randall 
and Barker.? These bands are fundamentals and 
low order combinations and are therefore best 
suited for identification by this calculation which 
has not considered higher powers than the second 
in the potential energy. There is some difficulty in 
placing the center of the observed bands because 
of these perturbations but the agreement with 
calculation leaves little doubt as to the classifica- 
tion. Table If shows the data now available. 
It will be seen that the agreement between ob- 
servation and calculation is good. The differences 
are of the magnitude 10 cm™ which may easily 
be due to the anharmonic terms in the potential 
energy which have not been included in this 
calculation. In order to determine how these 
terms should transform, a much more detailed 
analysis would be necessary. 


* Randall and Barker, Phys. Rev. 45, 124 (1934 
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Magnetoresistance of Liquid Sodium-Potassium Alloy 


J. E. ArmstronG, Rice Institute 


(Received January 17, 1935) 


The liquid alloy, Na-K, has been investigated for change of resistance in a magnetic field. 
The use of very fine containing tubes is believed to have minimized spurious effects due to 
motions in the liquid. The results of Fakidow and Kikoin are confirmed and in addition it is 
found that a longitudinal magnetic field produces a larger effect than a transverse field. For 
fields of over 2000 gauss there is a straight line relationship between magnetoresistance and 


field. 


yy has recently been found by Fakidow and 
Kikoin! that the liquid alloy of sodium and 
potassium shows the phenomenon of magneto- 
resistance. This observation is of considerable 
importance because the effect in this alloy is so 
large that there can be little doubt as to its being 
genuine. It represents, therefore, the first dis- 
tinct instance of magnetoresistance in liquids. 
The present paper describes further experiments 
on the alloy, in which the effect of a longitudinal 
field has been investigated. 

The Na-K alloy was prepared and its composi- 
tion determined by observation of the freezing 
point and reference to data given in the Jnter- 
national Critical Tables. The sodium content was 
approximately 35 percent. The liquid alloy was 
then distilled in a vacuum through a series of 
bulbs and finally forced into a capillary tube by 
air pressure in a manner similar to that used by 
Fakidow and Kikoin. Platinum wires were sealed 
into bulbs at the ends of the capillary tube. 
These wires extended through each bulb and into 
each end of the capillary tube for a short dis- 
tance. They fitted snugly into the capillary but 
allowed sufficient space for the alloy to flow 
through the bulb into the tube during the filling 
process. Two types of capillary tubes were used. 
In the first type, a straight tube about 20 cm 
long was bent back and forth so as to form a grid 
of parallel bars about 3 cm long connected at 
alternate ends by sharp bends. The second type 
was a straight tube, about 3 cm long, with no 
bends or turns. 

The magnetic field was produced by a Weiss 
electromagnet, with pole pieces 10 cm in di- 
ameter and 3 cm apart. 

The conventional type of Wheatstone bridge 


! Fakidow and Kikoin, Physik. Zeits. d. Sowjetunion 3, 
381 (1933). 


was used in measuring the resistance of the 
specimen. High sensitivity was secured by mak- 
ing the arms of the bridge as nearly equal as 
possible and by using a galvanometer of high 
sensitivity. This galvanometer was of the astatic 
needle type, equipped with a triple iron shield. 
A change of resistance of 5 10~? ohms could be 
measured in a total resistance of 3 ohms. 

The curves of Fig. 1 agree as well as could be 
expected with the results of Fakidow and Kikoin. 
The curve which they give, using a transverse 
field, is, in fact, almost coincident with curve 
III of Fig. 1. 

In Fig. 1, the magnetoresistance is consider- 
ably smaller than in Fig. 2. This difference is 
probably due in part to the fact that different 
samples of the alloy were used in getting data for 
the two figures. Apparently the magnitude of the 
magnetoresistance is quite sensitive to the 
composition of the alloy. Another reason for the 
difference may be inaccurate determinations of 
R in dR/R. In correcting for the resistance of the 
fine platinum wires leading into the Na-K alloy 
it was difficult to get an accurate estimate of the 
correct length of these wires; they extended some 
distance into the alloy. The resistance of the 
wires being comparable with the resistance of the 
alloy an appreciable error could easily be in- 
troduced. 

It will be noticed in Figs. 1 and 2 that there is 
an apparent dependence of the magnitude of 
dR/R on the diameter of the capillary tube. 
There are two reasons for this dependence. 
First, when different tubes are used, comparison 
of absolute values of dR, R cannot be made with 
a high degree of accuracy because of errors in 
allowing for lead resistances when R is deter- 
mined. Second, a spurious, secondary effect due 
to motions of the liquid in the tube may arise. 
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Fic. 1. Magnetoresistance of Na-K alloy contained in 

bent tubes. (1) Longitudinal field, tube diameter, 0.024 cm 
(II) Transverse field, tube diameter, 0.024 cm. (IID) 
Longitudinal field, tube diameter, 0.009 cm. (IV) Trans- 
verse field, tube diameter, 0.009 cm. 
This secondary effect appears as an increase of 
resistance which is dependent on tube diameter, 
—the resistance increase having been found by 
Jones* to be proportional to the diameter for the 
case of mercury in large tubes. 

It is believed that the spurious effect is very 
small in the present experiments and that differ- 
ences in magnitude of dR/R for different tubes 
are due to errors in determining R. The reason for 
believing the spurious hydrodynamic effect to be 
small is because the capillary tubes in the present 
experiments were of such small diameter. Faki- 
dow and Kikoin found only about 8 percent de- 
crease in the effect when they changed the tube 
diameter from 1 mm to 0.5 mm. The tubes in the 
present experiment were considerably smaller 
than those used by Fakidow and Kikoin, hence 
there should be a considerably smaller depend- 
ence of the effect on tube diameter. Furthermore, 
a separate series of measurements was made on 
mercury in these fine tubes, and the resistance 
change was found to be negligibly small. If the 
spurious hydrodynamic effect is negligible in the 
case of mercury in these tubes we should expect 
it to be negligible for the alloy also. 

In Fig. 2 curves III and IV show that when the 
current through the specimen is cut in half there 
is a slight increase in dR/R. Jones has found for 
mercury that the resistance increase due to 
hydrodynamic action is proportional to the cur- 
rent raised to the power —0.4, using a tube 5 
mm in diameter and currents between 0.5 and 


? T. J. Jones, Phil. Mag. 50, 46 (1925). 
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Fic. 2. Magnetoresistance of Na-K alloy contained in 
straight tubes. (1) Longitudinal field, tube diameter 0.008 
cm, bridge current, 2.5 m.a. (II) Transverse field, tube 
diameter, 0.014 cm, bridge current, 2.5 m.a. (II1) Trans- 
verse field, tube diameter, 0.008 cm, bridge current, 2.5 
m.a. (IV) Transverse field, tube diameter, 0.008 cm, bridge 
current, 5.0 m.a. 
5.0 amperes. He suggests that for very small 
currents the resistance change would be inde- 
pendent of the current. In the present experi- 
ments it appears that the current is still large 
enough to produce a small effect, and therefore 
the spurious hydrodynamic effect has not been 
completely eliminated. 

There are certain general conclusions which 
may be drawn in spite of the possibility of errors 
of the kind discussed above. (1) An intrinsic 
magnetoresistance exists in the liquid alloy apart 
from any effect due to motions in the liquid. 
(2) A longitudinal magnetic field produces a 
larger effect than a transverse field. (3) Above 
2000 gauss there is a straight line relation be- 
tween dR/R and the field strength. 

The second conclusion is a matter of some 
interest because in nonferromagnetic, polycrys- 
talline solids the converse is true. The third con- 
clusion states a relation which has been found to 
hold in solid metals for very large fields. The 
liquid state appears to make possible the straight 
line relation in much smaller fields. 

This research was suggested by Professor C. 
W. Heaps who also gave much helpful advice 
during the progress of the work. The writer is 
also indebted to Mr. F. T. Rogers for measuring 
the magnetoresistance of mercury specimens. 
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On the Effect of Slight Impurities on the Elastic Constants, Particularly the 
Compressibility of Zinc 


P. W. BripGMAN, Research Laboratory of Physics, Harvard University 
(Received January 8, 1935) 


The conclusion of Hanson that the elastic constants and particularly the compressibility of 
different grades of pure zinc differing only slightly in purity may differ by relatively large 
amounts is subjected to direct experimental test by compressibility measurements on the same 
grades of zinc as used by Hanson. Measurements on virgin material show no measurable dif- 
ference. Apparent differences, both in compressibility and in the other elastic constants, are 
probably to be explained by small internal strains. Improved values are found for the com- 


pressibility of zinc as follows: 


90° orientation, 
0° orientation, 


—Al/lo= 1.57K10-"p—0.75 10-9", 
— Al /lp = 13.50 X 10-7p — 7.68 X 10-9", 


Volume compression, — 1 V/V) = 16.64 X 10-7 p —9.62 X 10*p", 


at 30°C, p in kg/cm’. 


N the Physical Review for March 1, 1934, 

Hanson has published a careful determination 
by the method of the bending and twisting 
of cylindrical rods of the five elastic constants of 
zinc crystals from two different sources, both 
of purity higher than 99.99 percent, and has 
calculated from these constants the linear and 
cubic compressibilities. Considerable differences 
were found in some of these constants; for 
example, the calculated linear compressibility 
parallel to the axis of one grade of zinc was 40 
percent higher than that of the other, and the 
cubic compressibility was 30 percent higher. 
These results were quite unexpected to me, both 
because of the opinion which seems to be quite 
widely held by experimenters on phenomena in 
crystals that the elastic constants are not 
“structure sensitive,"’ and also because of my 
own personal experience. I had made measure- 
ments of the elastic constants by a more direct 
method and had found nothing to suggest as 
great a variability as found by Hanson. This 
was in particular true of my direct measurements 
of the linear compressibilities, which gave more 
clean cut results than for the other constants. 
Furthermore, all my experience with the com- 
pressibility of other materials indicated that it is 
not sensitive to slight impurity. 

The matter seemed important to me, since our 
opinions on “structure sensitive’ properties of 
crystals are still hardly out of the controversial 
stage, and it would be desirable to get this 


matter correct in the beginning if possible. I 
therefore suggested to Professor Tyndall, under 
whose direction Hanson's work was done, the 
desirability of checking by direct experiment on 
the identical specimens some of Hanson's calcu- 
lated compressibilities. Professor Tyndall co- 
operated in the readiest way by immediately 
placing at my disposal all of Hanson's samples of 
suitable orientation. Nine sets of measurements 
in my regular pressure apparatus were made on 
these samples. On consulting with Professor 
Tyndall as to the form which the results should 
take for publication, considerable difference of 
opinion developed as to the proper interpretation, 
and it eventually appeared after considerable 
correspondence that conclusions satisfactory to 
both of us could be obtained only by the execu- 
tion of fresh experiments. The main point at 
issue hinged on the effect of the handling which 
the specimens had received, since they were 
known in some instances to have been strained 
beyond the elastic limit. The effect of this strain 
was removed as far as possible by a process of 
annealing which at that time was believed to be 
effective in restoring the electrical properties to 
the original condition, although there was no 
proof that the elastic properties were similarly 
restored, and it has developed later that even 
the electrical properties are not equally well re- 
stored at all orientations. Professor Tyndall 
therefore undertook the preparation of fresh 
samples of zinc especially for this work, and every 
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precaution has been taken to avoid all possibility 
of overstrain. 

The freshly prepared zinc crystals were from 
three sources: (1) Evanwall “‘Rod” (E. R.) 
zinc made from material left by Hanson, origi- 
nally obtained from the Evans Wallower Zinc 
Company; (2) Evanwall “Block” (E. B.) zinc 
from a fresh 50 pound block of zinc from the 
Evans Wallower Zinc Company, the same as 
the zinc used by Cinnamon! in a recent paper, 
and (3) Horsehead Special (H. H.) zinc, from the 
same 50 pound block as used by Hanson. 
Another sample of zinc from Evans Wallower 
showed by direct chemical analysis: Fe 0.0004 
percent, Cd 0.0008 percent, Pb 0.0047 percent, 
Cu 0.0002 percent, As, Co, Ni, Al, 0.0000. 
Spectroscopic comparison of this with the E. R. 
zinc showed no detectible difference. Spectro- 
scopic comparison with the H. H. zinc indicated 
somewhat more iron and somewhat less copper 
than the E. R. zinc. Spectroscopic comparison 
between E. R. and E. B. showed no iron at all 
in E. B. and slightly more copper. There were 
three samples of E. R. of orientations 5°, 90° and 
8°, the angle being measured between the 
hexagonal axis of the crystal and the length of 
the rod. The 8° specimen had been strained in 
removing from the mold, and slip bands could 
be seen on the central portion, but the ends 
appeared free from slip bands. There were two 
samples of E. B. of orientations 9.5° and 85°. 
There were four samples of H. H. of 5°, 8°, 21°, 
and 89° orientations. The 21° orientation was 
really not pertinent for the present purpose, and 
was measured more or less by way of curiosity. 
These all were cast by methods already fully 
described? into crystals about 8 cm long and of 
slightly trapezoidal section about 5 mm on the 
side. For the compressibility measurements it 
was necessary to form these into pieces about 
2.7 cm long for the more incompressible orienta- 
tion and 1.3 cm long for the other more com- 
pressible orientation, with accurately flat and 
parallel ends. In order to perform the small 
amount of necessary machining, the specimens 
were first embedded in wax in a heavy brass 
tube of internal diameter just sufficient to admit 
the rod freely. The wax was cast around the rod 


1C, A, Cinnamon, Phys. Rev. 46, 215 (1934). 
?W. J. Poppy, Phys. Rev. 46, 815 (1934). 
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TABLE I. Summary of linear compressibility measurements 
on fresh samples of zinc. 








Average 
—Al/le deviation 
Grade at Width of from 
of Orien- Linear compression at 30° 10,000 hysteresis smooth 
zinc — tation —Al/le kg/cm? loop curve 
E.R oo" 157X107 p— 0.75X10"™p? 0.00149 1.90% 
E.B 85° 1.66 — 0.75 .00159 33 
H. H. 89° 1.58 — 0.75 00151 83 
E. R. 5° 13.39 — 6.75 01270 0.83°7 14 
E. B. 95° 13.03 — 5.98 01243 1.36 50 
H. H. 8° 13.56 — 10.65 01249 75 18 
H. H. 5» 13.18 — 6.01 01258 83 21 
E. R. 8° 12.71 — 745 01197 1.27 35 
Strained 
— 10.35 01073 1.40 24 


H. H. 21° 11.77 





by slowly lowering the mold containing the 
crystal surrounded by molten wax into cold 
water by a process very similar to my method 
for making single crystals. Pieces were then cut 
out of the mold of the requisite length with a 
fine jeweller’s saw; the ends of the specimen were 
faced off in the lathe while still embedded in the 
wax, taking a very fine chip and using a keen 
tool, and finally the completed specimen was 
freed from the mold by melting the wax. In a 
few cases there were longitudinal ridges left from 
the casting that had to be removed; this was 
done with a fine file, after part of the mold had 
been filed away, and while as much of the crystal 
as possible was still embedded in the wax. 

The results of the measurements of 
compressibility of these fresh samples are given 
in Table I. The method was the same as in all 
my previous work and has been fully described.’ 
The measurements were made at 30°C, over a 
pressure range of 12,000 kg/cm’, readings being 
made at equal pressure intervals with both in- 
creasing and decreasing pressure, making in all 
fourteen readings. The pressures in the tables are 
in kg/cm? units. In addition to the regular 
pressure run, an initial seasoning application of 
2000 kg/cm? was made in all cases; this initial 
application was followed by no permanent change 
of zero within the regularity of the other readings, 
showing that there was no perceptible porosity in 
the specimen. The results could in practically all 
cases be represented within the regularity of the 
readings by a second degree expression in the 
pressure. Space does not permit a reproduction of 
all the individual readings, which repay careful 


linear 


’P. W. Bridgman, Proc. Am. Acad. 58, 166 (1923). 
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study. The results were never entirely regular 
within the limits of error of the method, but 
there were irregularities greater than would be 
shown under similar conditions by harder ma- 
terials. The most important feature was that 
there was always perceptible hysteresis between 
pressure and change of length for the most com- 
pressible orientation, that is, parallel to the axis, 
while the other and relatively incompressible 
orientation showed no appreciable hysteresis. In 
order to indicate the character of the results as 
fully as possible Table I contains, in addition 
to the two power expression in pressure which 
best represents the results, the maximum width 
of the hysteresis loop expressed as a fractional 
part of the total displacement at the maximum 
pressure, and the mean departure from a smooth 
curve of the individual points similarly expressed. 
This latter gives an idea of the regularity of the 
results; it will be seen that the average deviation 
is of the order of a few tenths of one percent. 
It is significant that by far the greater part of the 
average irregularity was contributed by the 
initial points at atmospheric pressure. A result 
of this would be that measurements made in only 
a small pressure range would show much greater 
irregularity, both relatively and absolutely, than 
measurements over a wider range. In order to 
eliminate as far as possible the effect of small 
local irregularities, I have chosen as giving the 
best comparative indication of the true com- 
compressibility the fractional change of length 
under 10,000 kg/cm*. This change of length 
should be a linear function of cos* 6. The results 
are plotted in Fig. 1 against cos* @ giving only 
the parts of the diagram on a much enlarged 
scale in the neighborhood of cos? @=0 and 
cos* @=1. 

The diagram will leave no room for doubt, I 
believe, but that the linear compressibilities of 
these different grades of zinc are as close to the 
same value as could be expected in view of 
the experimental irregularity, and that no differ- 
ence exists within experimental error which can 
be corre'ated with a difference in origin of the 
samples and therefore with minute differences in 
purity. The extreme discrepancy between any 
two samples is 1.2 percent, which is to be con- 
trasted with a discrepancy of 40 percent in 
Hanson's averaged final results. This is the main 
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Fis. 1. Shows in the upper part of the diagram the frac- 
tional changes of length at 10,000 kg/cm? plotted against 
cos’ @ for the freshly prepared zinc crystals. In the lower 
part of the diagram are shown similar data for the elas- 
ticity samples of Hanson. Elasticity theory demands that 
the relation be linear in cos* 6. 


point of this paper, and I believe establishes the 
fact that there is at present no reason to believe 
that at any rate the compressibilities are sensitive 
to small impurities. 

It is instructive that the compressibility of the 
one sample known to have been strained in the 
mold, which is also plotted in Fig. 1 and which 
may be identified by comparison with Table I, 
definitely does not fall in line with the others, in 
spite of the fact that the sample was cut from 
what appeared to be an undamaged part of the 
crystal. This suggests the extreme sensitiveness 
of these effects to strain. Doubtless the fact that 
the individual readings for all the other samples 
were not as regular as those given by many other 
mechanically harder materials is to be explained 
as an effect of slight strains introduced in spite 
of the greatest care in handling. 

The results listed in Table I for the 21° sample 
should be given no consideration in comparison 
with the others because the method is not 
adapted to measuring the linear compressibility 
of such an orientation. The thickness of this 
sample was about one-half its length; calculation 
will show that under hydrostatic pressure there 
is a change of angle for this orientation which in 
specimens of these proportions produces an effect 
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far from negligible, giving too low an apparent 
compressibility. In fact, the compressibility of 
this sample was too low by 5 percent. 

It is now instructive to compare these results, 
obtained on virgin unstrained specimens, with 
the measurements made on the specimens which 
had been previously used by Hanson in de- 
termining the five elastic constants, and which 
were known in at least some cases to have been 
strained before the compressibility measure- 
ments. The results are given in Table II. They 
are distinctly more irregular than those for the 
virgin material in Table I. This is particularly 
evident in the second degree terms which in two 
instances have a positive sign, a very abnormal 
state of affairs indeed. The relative changes of 
length at 10,000 kg/cm’ are plotted in the lower 
part of Fig. 1. The very much greater scattering 
of the points is in the first place striking and 
also the fact that at the high orientations all the 
points lie above the line for the unstrained 
material and at the low orientations all, with one 
exception, lie below it. The obvious interpreta- 
tion of this is that small strains act effectively 
like the introduction of other orientations; at 90° 
the only other orientations possible are nearer 
0°, and at 0° the only possible other orientations 
are nearer 90°. 

Going back now to the results on the un- 
strained specimens, the present values of com- 
pressibility are much to be preferred to those 
which I previonsly published; not only is the 


TABLE II. Summary of linear compressibility measurements 
on Hanson's elasticity samples. 


A verace 
—M le deviation 
Grade at Width of from 
of Orien- Linear compression at 30° 10.000 hysteresis smooth 
zinc tation Al/le kg/cm? curve 
E.R oo 138X110" p+ 3.38X10-'%p? 0.00172 1.18 
b.a 
E.R oa 1.06 0.70 OO1S89 1.86 
aa 
H. H. on 1.49 33 OO152 68 
aa 
E.R 3 13.91 16.55 01225 1.7 l 
ba 
E. R. , 13.60 13.1 01229 2.1 25 
1a 
H. 1 13.40 4.22 01298 45 09 
b.a 
H.H l 12.08 10.40 OL194 2.1 28 
a.a. 
H.H 1° 12.91 10.72 O11S4 1.8 29 
a. 2nd a. 


b.a., before annealing, or “as received.” 
a.4., after annealing, 380° for 8 to 10 hours 
a. 2nd a., second annealing, 400° for 24 hours 


*P. W. Bridgman, Proc. Am. Acad. 60, 338 


1925 
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present material purer than mine, 
have seen to be of comparatively minor im- 
portance, but the specimens were doubtless freer 
from strain. The average values given by the 
new measurements, weighting measurements on 
different specimens inversely as their average 
deviations from a smooth curve, and correcting 
for orientation, are at 30°C pressure expressed in 


kg/cm’: 
At 90°, —Al/lp=1.57 X10-7p—0.75 x 10-™p 
At 0°, —Al/lo=13.50X10-p—7.68 X10-"p 


From these the volume compressibility may be 


computed to be: 


Vo= 16.64 X 10-7 p—9.62 X 107" p’. 


—AV 
My previous results were: 
1.95 X10-"p—1.11 K10-"%p 
12.98 K 10-"p—5.32 x 10-"p 
16.87 X10~"p 


At 90°, ~All 
At 0°, Al 


Cubic, —AV/V 8.08 k 10-"p". 


is 


It will be noticed that the difference between 
the two determinations is in exactly the direction 
that would be expected, that is, the linear com- 
pressibility of the 90° specimen is 
greater than that of the unstrained specimen, 
because of the effective introduction by the 
strain of other orientations, all of which have a 


strained 


greater compressibility, while for the 0° orienta- 
tion the relations are reversed. The result is a 
comparatively large change in the ratio of the 
compressibilities in the two directions, the ratio 
being 8.6 for the unstrained specimen and only 
6.65 for the strained specimen. It is also to be 
noticed that the effect of strain is much larger 
on the 90° orientation, measured in percent, than 
on the 0° orientation; the absolute magnitudes of 
the effects are not greatly dissimilar. 

Interesting questions suggest themselves as to 
the mechanism by which strain simulates the 
effect of a change of orientation. The cleavage 
planes seem to be unchanged in orientation and 
as easily produced in strained as in virgin 
specimens. Perhaps the possibility is to be con- 
sidered of a partial rotation of the atoms in 
position in the lattice; it is probable that the 
atoms cannot have complete spherical symmetry 
in a lattice as strongly anisotropic as zinc. The 
fact that annealing is comparatively successful 


in restoring electrical properties is not incon- 
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sistent with an asymmetry in the atoms because 
the wave mechanics picture of electrical con- 
duction represents the electron distribution as 
much more uniform than the atomic distribution. 
This is also suggested by the fact that the ratio 
of the electrical conductivities for the two in- 
dependent perpendicular directions is only 1.055, 
against 8.6 for the ratio of the elastic constants. 

Leaving now the question of compressibility 
and passing to the other elastic constants as 
determined by Hanson, it seems to me that one 
may well question whether there is any longer 
ground to believe seriously that the other con- 
stants are sensitive to minute impurities. For I 
think it may be taken as now established that 
there is no such variation in the compressibility 
as Hanson calculated from his other constants 
and this of course means an error in those 
constants. There are two factors which I think 
should be especially considered in appraising the 
situation. There is in the first place the con- 
sideration that slight permanent strains may 
introduce systematic errors, changing the elastic 
properties for orientations near one extreme all 
in one direction, and those near the other extreme 
in the other. In the second place, there is the 
consideration that slight errors in the observa- 
tional data may, because of the nature of 
the mathematical relationships, introduce very 
serious errors into some of the computed elastic 
constants. Thus it can be shown that by making 
a change of only 1 percent in the direct observa- 
tional data from which S,;, S33 and Sq, are 
computed, a change of 18 percent may be thereby 
introduced into Ss, 22 percent into S)3, 35 percent 
into the parallel linear compressibility, 81 per- 
cent into the perpendicular linear compressi- 
bility, and 47 percent into the cubic com- 
pressibility. If one examines the regularity of the 
experimental points in Hanson's diagrams, and 
further considers the possibility of systematic 
errors just mentioned and the fact that all the 
bending specimens consistently showed distinct 
hysteresis, I believe that the danger of an 
accumulation of errors like that just suggested 
must appear to be a very real one. 

The possibility of systematic errors arising 
from small strains offers the possibility of under- 
standing how Hanson could have arrived at his 
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conclusion that very small differences in purity 
produce comparatively large differences in elastic 
constants. For the elastic limit is known to be 
sensitive to very slight impurities so that one 
grade of zinc may have been more susceptible to 
permanent strain than the other, and therefore 
more sensitive to systematic error. Something of 
this sort is definitely suggested by a study of the 
irregularities of the data. The spectroscopic 
analysis suggests that the H. H. zinc was slightly 
less pure than E. R. or E. B. and therefore less 
likely to receive permanent strains. Tables I and 
II both show a distinct tendency for the H. H. 
points to deviate less from smooth curves than 
the others which is what would be expected. 
There is also the fact that the compressibilities 
calculated by Hanson for the H. H. zinc are 
distinctly nearer the values directly determined 
above than are the others. 

In view of the various possibilities of error in 
the method of determination of elastic con- 
stants by bending and torsion, particularly when 
applied to substances with low elastic limits, it is 
pertinent to urge the great superiority of “‘direct”’ 
methods, that is, methods in which the specimen 
is subject to a homogeneous stress and strain 
corresponding to the constant to be determined. 
The constants S;,; and S33; can be measured 
“directly” in terms of the shortening under com- 
pressive load, and so determined can be given 
more confidence than can be given to a de- 
termination by bending which involves a strain 
varying from positive to equal negative values 
across the section of a slender specimen. Similarly 
Siz and S;; can be determined by direct measure- 
ments of the lateral contraction of suitably 
oriented specimens, and so determined are not 
susceptible to the possibility of large accumulated 
errors already indicated in the indirect method. 
Finally there can be no doubt but that directly 
measured compressibilities are to be preferred to 
compressibilities calculated by a combination of 
other constants. 

In a note following this Professor Tyndall 
presents the values of the elastic constants of 
zinc which he now thinks may be deduced with 
greatest probability from Hanson's data in view 
of these results on linear compressibility. 
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Note on the Probable Values of the Elastic Constants of the Zinc Crystal 


E. P. T. TYNDALL, Physical Laboratory, University of Iowa 
(Received January 8, 1935) 


In consideration of the compressibility data in the preceding paper by Bridgman a somewhat 
different interpretation is given to the measurements of Hanson. A satisfactory set of constants 
for the zinc crystal may be based on Bridgman’s measurements and on those obtained by 
Hanson on one of his lots of zinc. These are: S;;=7.70, S;,=0.83, S,;= —6.93, S3;=27.66, 


Sa = 24.40, all X10-" cm?*/dyne. 


HE results set forth in Table I of the pre- 

ceding paper undoubtedly disprove Han- 
son’s' hypothesis that slightly different kinds of 
very pure zinc differ markedly in their com- 
pressibilities. The earlier data (Table II) ap- 
peared to the writer inconclusive and when 
combined with Hanson’s independently meas- 
ured constants, for the E.W. zinc particularly, 
still led to exactly the same inconsistencies* 
which had originally guided Hanson to his 
hypothesis. It seems worth while now, however, 
to reexamine Hanson's data with a view to 
determining just what are the best values of the 
elastic constants and whether a real difference in 
constants for the two of zinc can be 
maintained. 

The Horsehead special zinc is considered first. 
Using the values of three constants deter- 
mined independently* by Hanson, S,;=7.70,* S33 
= 27.66, Si4= 24.40, and the compressibility data 
of Bridgman given in the preceding paper, (A//1)o 
= 13.80 = 2.Si3+ S33, (Al/]) 99 = 1.60 = Su t+ Sint Sis, 
one may compute S,;.=0.83 and S);= —6.93, 
values not greatly different® from those proposed 
by Hanson. The consistency of these new con- 
stants with Hanson’s further data on this zinc is 
excellent. Thus the computed reciprocal of the 
rigidity modulus for a 90° crystal is given by 
(1/7) 90= Sir — Sin + $.S44= 19.07, which may be 
compared with 19.40 and 19.50, experimental 


sorts 


1A. W. Hanson, Phys. Rev. 45, 324 (1934). 

?See Hanson, footnote 24. 

7i.e., values of reciprocal of Young's modulus, 
rigidity modulus, for a single suitable orientation. 

‘Throughout this note all elastic constants and com- 
pressibilities are expressed in c.g.s. units 10", i.e., Sy 
=7.70X 10-" cm*/dyne. 

5 Considering the insensitivity of his method for deter- 
mining Siz: and S;3, Hanson's values are: S;;=0.45 and 
Sis= —6.39. It must be noted further that 5), is still open 
to considerable error due to the method of computation. 


or 


values (Hanson’s Fig. 4) for two 90° crystals. 
Likewise for orientation 75°, the computed value 
of 1/T is 22.55 as compared with 22.76 observed 
experimentally. Thus the data on the H.H. 
crystals are not only self-consistent but are in 
good agreement with Bridgman’s latest data.’ 
This set of constants, however, shows marked 
differences from other determinations, as may 
be observed in Hanson's Table II. S,; and Sq, 
are noticeably lower and S;; higher than for the 
E.W. zinc. 

Hanson’s data for the E.W. zinc, treated in the 
same fashion as above, yield S;,;=8.08, Ss; 
= 26.28, Sy,=25.15 (Hanson's values) and Sj 
—0.24, S;3;= —6.24 (new values). Also compu- 
tation gives (1/7)99=20.89 and (1/7)7;;=23.90. 
These values are distinctly unsatisfactory as Sj 
should almost certainly be positive and the 1/7 
values are too high.* Thus the data on the E.W. 
zinc cannot in this fashion be made at the same 
time self-consistent and satisfy the compressi- 
bility data. It is quite true “that, by slightly 
modifying S,;, S33 and S44, the other constants 
and the three compressibilities can be made to go 
and the data could 


through large changes 
perhaps be made self-consistent, etc., though 
this is not easy to do.* Moreover the three 





* Interpolated between 23.20 and 22.10 for 73° and 78°, 


respectively. 

7 This was to be expected as the values of compressi- 
bilities computed from Hanson's original constants were 
already in fair agreement with the correct values. 

§ Hanson's data on torsion of crystals of orientations 
between 65° and 90° certainly indicate values of 1/7 for 
90° and 75° crystals of about 19.0 and 22.2, respectively, 
for unstrained crystals. Strained crystals gave higher 
values. 

* Adopting for E.W. zinc the values of S33; and Sy 
obtained for H.H. zinc does the trick at once, since the two 
zincs agree within experimental error in the results for 
torsion of 60°-90° crystals and possibly for the bendin 
of 90°. The difference for the two zincs between S33 (or Sy 
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constants just mentioned are in much better 
agreement with Bridgman’s earlier values” than 
are the corresponding ones for the H.H. zinc. It 
must be noted here that the values of 1/7 for 
90° and 75° crystals, computed from these 
constants of Bridgman are also high, being 20.39 
and 23.56, respectively, so that the behavior of 
his crystals is very similar to that of the E.W. 
crystals, except naturally in regard to the com- 
pressibilities. 

If now one assumes that the elastic constants, 
like the compressibilities, are unaffected by the 
presence of small amounts of impurities, then 
the best" set of constants for the zinc crystal 
appears to be the one derived above from the 
measurements on H.H. zinc by Hanson combined 
with Bridgman’s latest data. Such a conclusion is 
entirely in line with Professor Bridgman’s idea 
that the Evanwall crystals were more sensitive 
to disturbing effects of some sort. Perhaps a 
hint of this behavior is given by the fact that 
some of the circular section E.W. crystals used in 
the torsion measurements by Hanson were 


is, however, definitely greater than the experimental dif- 
ference between separate crystals of the same sort of zinc. 
See Hanson's Fig. 4. 

1 P, W. Bridgman, Proc. Am. Acad. 60, 305 (1925); 
also quoted in Hanson's Table II. 

“The data of Griineisen and Goens and of Goens are 
not specifically considered here because their measure- 
ments were made in part by a dynamic method. The set 
of constants recommended by Goens, although each con- 
stant is numerically greater than those of the set recom- 
mended above, yields not only good values of the three 
compressibilities but also gives nearly the correct ratio 
for the two linear compressibilities, 7.55 as compared with 
8.60. The (1/7 zs is, however, high. 


strained during growth and had to be annealed" 
before measurements were made. Aside from this 
there was no indication in Hanson's work of any 
difference in behavior of the two materials. The 
same amount and type of hysteresis were found 
in the bending tests for both zincs. The two sets 
of crystals were grown by the same method, 
handled with equal care, etc. Nor should there 
be any implication that the set of crystals 
recently prepared for Professor Bridgman was in 
any way superior to those crystals of Hanson's 
which had a trapezoidal section. Actually these 
crystals were smaller in cross section than 
Hanson's, had the additional handling incident to 
packing and mailing, and therefore had much 
more probability of being strained than did 
Hanson's crystals which were measured immedi- 
ately after growth with a minimum of handling. 
The necessary modification of Hanson's con- 
clusions in the light of new data must not be 
considered to detract from the general reliability 
of his experimental observations, the main pur- 
pose of which was not a determination of elastic 
constants. Further, his work combined with 
Bridgman's has led to a much more satisfactory 
set of constants than any previously proposed. 


2 The question of the efficacy of this anneal has formed 
the subject of considerable discussion with Professor 
Bridgman. I should say now that in the case of high 
orientation crystals it seems to have been effective as 
judged by agreement with unstrained E.W. and H.H. 
crystals. he the low orientation crystals one cannot be 
so sure, although the hysteresis was completely removed 
by the anneal and this criterion seemed entirely satis- 
factory at the time Hanson's paper was written. 
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The Theoretical Constitution of Metallic Lithium 


FREDERICK Seitz, Palmer Physical Laboratory, Princeton University 
(Received January 15, 1935) 


On the basis of previous theoretical developments con- 
cerning the nature of cohesion in metals which were applied 
to sodium, a treatment of metallic lithium is presented. 
As before, the system of Fock equations are solved by an 
indirect procedure as a start. These solutions differ appre- 
ciably from those for sodium in several important respects 
and account for a greater percentage of the observed bind- 
ing energy than in the latter case. The modification of the 
exchange energy of the electrons arising from these dif- 


INTRODUCTION 


N previous work! a basis for an investigation 

of the constitution of metals was laid and 
applied to sodium. In this work a completely 
self-consistent solution of Fock’s equation for the 
lattice was found and this result was then em- 
ployed in finding an additional approximation to 
the problem of minimizing the total energy.’ 
The final results of this work yielded a binding 
energy of 22.3 kg.cal. per mole, to be compared 
with the observed value of 26.9 kg.cal. 

The solution to Fock’s equation was under- 
taken under the guiding principles afforded by 
the free electron picture of metals, and it was 
found that the results yielded 4.7 kg.cal. Since 





PWalXas Var Vado rl Xn; Maes Mn)|| Yilya) > ++ Yilya) 
| ; 


v=| 


Wn(X13 Vi" . *“Vn)° . 


in which the variables x and y refer to the three 
position coordinates of electrons of upward and 
downward spin, respectively, ¥,(y:) are the one- 
electron solutions of Fock’s equations and 
W(x, Yi°**¥n) are functions of the variable x 
and parameters y;- --y,. The last set of functions 
are to be determined in such a way as to minimize 


1 Wigner and Seitz, Phys. Rev. 43, 804 (1933); 46, 509 
(1934) (I and II). Wigner, Phys. Rev. 46, 1002 (1934). 
This work is closely connected with the following papers of 
J. C. Slater, Phys. Rev. 45, 794 (1934); Rev. Mod. Phys. 
6, 209 (1934). 

2 A complete account of the equations of Hartree, Fock 
and Dirac and their interconnection has been given by L. 
Brillouin, Actualités Sctentifiques et Industrielles, Nos. 71, 
159, 160. 


ferences is computed. Finally, the work of Wigner on cor- 
relation energies of metal electrons is applied directly to 
obtain a final binding energy of 34 kg.cal. as compared 
with the observed value of 38.9. The lattice constant is 
found to agree with the observed one to within about three 
percent. Some general remarks concerning the applicability 
of the present development to solids other than metals are 
made. 


this discrepancy was many times larger than the 
computational errors could allow it was con- 
cluded that the simple Slater determinant was 
inadequate to handle the complexity of the 
problem and an effort was made to find a more 
general solution based upon the one-electron one. 

An attempt in this direction was presented in 
II of the previously mentioned papers and this 
met with partial success. Upon this basis, how- 
ever, Wigner! was able to establish a much more 
rigorous method and succeeded in solving a set 
of equations which were the counterpart of the 
Fock equations in an extended minimal problem, 
namely, that of minimizing the energy integral 
by use of a function of the form 


Vn) iiWnl¥1) ++ Wal Va) 

the energy. The final energy value obtained was 
22.3 kg.cal. for the observed lattice-constant of 
4.23A. The remaining discrepancy is regarded as 
arising principally from a conservative computa- 
tion of the gain given by (1). 

After assuming an ion-core field the work on 
sodium was considerably lightened by the fact 
that the solutions of Hartree’s equations for the 
lattice were almost exactly of the form 

¥.=(1/V)e**, (2) 
where fr is the position vector of the particle, « 
is a lattice vector in the inverse-lattice space and 
V is the total volume of the crystal. This had as 
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its first important consequence the fact that the 
solutions of Hartree’s equations were practically 
identical with those of Fock? so that the best 
one-electron solution was obtained with an ease 
not met in any atomic problem involving more 
than one electron. In the second place, this gave 
a definite analytic form to the y (y)’s in (1) 
and allowed an analytic solution of the problem 
outlined in the previous paragraph. Since (2) are 
the wave functions for perfectly free electrons, it 
is to be expected that this simplicity will not 
generally be met with even in simple metals, for 
the probability distribution function of each 
electron will usually be greater inside the unit 
cell surrounding each ion than on its boundary. 

In order to investigate the possibility of 
applying the scheme employed for sodium to 
more general cases, the corresponding solution 
for lithium was undertaken from a similar view- 
point, and these results are presented in the 
following sections. This work begins with the 
development of an effective ion core field which 
reproduces the atomic energy values and follows 
with a solution of Hartree’s equations using this 
field. The connection between Hartree’s and 
Fock’s equations is not as well defined as in the 
case of sodium but it is found that the energies 
determined by both are practically identical. In 
the present paper the work of Wigner on the cor- 
relation hole is applied without additional modi- 
fication. 


$1. THe Errective Ion-Core FIELD 
The problem of determining a coulomb field 
V(r) which when placed in an equation of the 
simple Schroedinger type 
(h?/2u) Ay+(V(r)-—E)y=0 (3) 


will yield eigenvalues that are identical with the 
term values of a single electron series and yet be 
physically plausible, may not be expected to 
possess even an approximate solution in any but 
the simplest of practical cases. The correctness 
of this assertion follows from consideration of the 
extensive work of Hartree when viewed in the 
light of Fock’s equations. For the best one- 
electron solution of any atomic problem is given 
by the system of equations 


((h2/2n) A, +d. Vix) +A;-E,)¥;=0, (4) 


‘>) 


in which ¢ and j range over all electrons of the 
atom, V;(x;) is the coulomb potential arising 
from the ith electron wave function when 
regarded as an electron charge distribution, 
and A, is a linear integral “exchange” operator 
of the form 


Ajy;(x;) = Le? (1/| x; —%| \(j| p\i)y(xidri, (5) 
at) 


in which (j| p|4) is the ijth matrix component of 
the density matrix 


(j| ot) = Dova*(x,) pa(x,). (Sa) 
Pr 


That A; is not completely negligible is shown by 
the fact that in the case of a single valence 
electron, Hartree’s energy parameters E; do 
not agree exactly with the term values of the 
one-electron states. Because of the form of the 
exchange operator it is not to be expected that 
it can be replaced by a central field term, but it 
may be hoped that in the case of one-electron 
outside closed shells, its effect on the terms £; 
may be roughly approximated by such a field. 
In the case of Na this was found to be the case, 
for the Prokofjew field employed in reference 1 
gave very good results from the standpoint of 
energy levels, all of the values agreeing with the 
observed ones to within one percent. 

If this were true for Na, it might be expected 
that similar results would be true for Li so an 
attempt was made to find such a field. Prokofjew* 
employed the Wentzel-Kramers-Brillouin ap- 
proximation in his work, but I found that the 
field obtained by this method is not a very def- 
initely determined one since all terms in a 
given series cannot be fitted with equal accuracy 
in the manner prescribed by Prokofjew. As a 
result the following device was used. 

For a coulomb field of the form Ze?/r, the 
W.K.B. approximation gives energy values that 
are determined by an equation of the Balmer 
type, namely E=hcZ*R/n* in which R is the 
Rydberg constant in wave numbers per cm, 
is an integer, and E the energy in ergs. Since only 
that portion of r for which 

Ze® = h*(l+4)*\3 
(E-—+— my (6) 
r 2ur? 





’ Prokofjew, Zeits. f. Physik $8, 255 (1929). 
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is real is of importance in using the W.K.B. 
approximation, where / is the modern angular 
momentum quantum number and uz the reduced 
electron mass, the effective field was taken to be 
of the form e?/r from ~ to the value r,, given by 
the smallest allowable root of (6) for the series of 
smallest / in which the terms are hydrogen-like. 
The value of 3.24 Bohr units was taken to be a 
safe estimate of this quantity, 7,,, and will be 
employed in all of the following work. The prob- 
lem reduces itself to that of determining a V(r) 
within this radius which shall join the function 
e*/r continuously and with continuous first 
derivative at this point, be of the form 3e?/r 
near the nucleus, and reproduce the energy 
spectrum of the s, p and d series. Other series will 
automatically be given because of the choice of 
e*/r outside of 3.24a,. 

Now the form of the wave functions for regions 
beyond r,, may be found for each of the observed 
energy values because the boundary condition 
at infinity entirely determines the form of the 
function in any region excluding the sphere of 
radius 7,. Hence the ratio ¥(r»)/¥(rn) may be 
determined by use of an asymptotic series, for 
example. This was done for five of the lowest 
energy values of the Li spectrum and the results 
for R’r/R at r,, where R=ry, are shown in 
Table I. V(r) is to be chosen so that the functions 





TABLE I. Values of R'r/R at tm. 
Energy rR’ R 

Term (Ryd. units) (calc. ) Original V Final V 
2s 0.3963 — 0.1331 — 0.06931 —0.122 
3s 0.1484 — 1.646 — 1.538 — 1.642 
4s 0.07723 — 2.255 — 2.126 — 2.2570 
2p 0.2605 0.2422 2.192 0.2428 
3d 0.1111 1.92 1.91 1.92 





derived using it satisfy the proper boundary con- 
ditions at the origin and have the same ratio of 
rR’/R at r, for the given energies. An initial 
field V; was selected on the basis of reasonable- 
ness and its solution yielded the ratio shown in 
the fourth column of Table I. Z,=rV; is given 
in Table II in which Rydberg units are employed. 
From knowledge of the change of wave functions, 
it was concluded that V was to be made more 
negative in the neighborhood of the nucleus to 
bring the s ratios into agreement and more 
positive in the neighborhood of the boundary, 
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TABLE II. Values of rV, and rV,,. 

r rV; rVi, | r rV, rVy, 
0.00 6.000 6.000 | 0.84 2.528 2.490 
0.04 5.512 5.481 1.00 2.384 2.392 
0.08 5.294 5.236 | 1.16 2.284 2.322 
0.12 5.078 4.998 | 1.32 2.214 2.262 
0.20 4.652 4.540 1.64 2.122 2.172 
0.28 4.232 4.102 | 1.96 2.066 2.100 
0.36 3.810 3.672 2.28 2.034 2.038 
0.44 3.408 3.274 | 2.60 2.012 2.012 
0.52 3.118 2.994 | 2.92 2.004 2.004 
0.68 2.748 2.660 | 3.24 2.000 2.000 
’m, to improve the p ratios. The correction 


adopted was of the form 
—0.4(1.2—r)?—0.05(0.8—r)(2.5—r)? O0O=r=1.2, 
—0.05(0.8—7r)(2.5—r)?, 1.2=r=2.5. 


This brought about the agreement shown in the 
last column of Table I and yields the second 
column of Table IT. 

The full significance of the procedure employed 
here is probably best shown by Fig. 1 in which 
curves A correspond to the ratio R’r/R at 
tm =3.24 plotted against the energy parameter 
for the system of functions in which the proper 
boundary condition is satisfied at infinity and the 
field —e?/r is employed. This system is a highly 
singular one, of course, since R(r,,, E) will have 
an infinite number of roots in the range between 
—1 and 0 on the Rydberg scale of units. Only 
two branches of this curve are shown. Curves B, 
and By represent plots of the same ratio derived 

















“1.0 “0.6 -0.6 “0.4 


Fic. 1. Plot showing the ratio rR’/R for r, =3.24 as a 
function of energy. The curve A corresponds to solutions 
satisfying the proper boundary conditions at infinity, 
while curves B, and B,, correspond¥to solutions which 
satisfy the proper condition at the origin for the initial and 
final fields, respectively. The abscissas are in Rydberg units 
and the ordinates in Bohr units. 
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for the system of functions which satisfy the 
proper conditions at the origin and for which V; 
and V,, have been employed. The points at which 
either B; and By, cross the system A yield the 
eigenvalues of the corresponding fields. Our 
endeavor has been to make these points be 
identical with the observed term values and the 
degree of success is illustrated by the fact that 
on the scale of this plot the curve By completely 
overlaps the curve C drawn through the inter- 
cepts of A and the observed term values. 

Similar considerations for the Prokofjew field 
for Na show that the corresponding B curve is 
not nearly so good a fit of the corresponding 
curve C and that it would be difficult to find a 
better field.‘ 


§2. SOLUTION OF HARTREE’s EQUATIONS 


The procedure to be employed in solving 
Hartree’s equations for the lattice will be very 
similar to that used in the case of Na. On the 
basis of an approximate Hamiltonian 17,° which 
is the same for each electron, and possesses the 
proper symmetry properties for the lattice set 
of “starting functions’ are determined by 
numerical integration of the Schroedinger equa- 
tion arising from //,°. Using these solutions, a 
Hamiltonian //;“ may be written down which 
contains the interaction terms of the ith electron 
with each ion in the lattice and the Hartree field 
of interaction between the ith electron and all 
others, assuming that their charge distribution is 
determined by the solutions of H/,°. This field will 
be the same for all electrons since it is the 
potential arising from all electrons minus that 
arising from the electron under consideration 
and the ratio of the latter to the form will 
generally be of the order 1/N, where N is the 
total number of electrons, that is a very large 
number. Regarding //7;“—H as a perturbation 
on //,°, we may apply the perturbation scheme 
of Schroedinger or of Brillouin-Wigner® and if 


*As yet unpublished work of Dr. E. Gorin has shown 
that there is no satisfactory field for K, but that each series 
may be approximated to within several percent by means 
of separate fields. I wish to thank Dr. Gorin for the 
privilege of making this statement. 

5 Brillouin, J. de physique 1 (III), 373 (1932). Wigner, 
Bull. Hung. Acad. (to appear shortly). Brillouin first 
presented the perturbation scheme and Wigner later 
showed that various stages of approximation yield mean 
values of the Hamiltonian operator. 


this perturbation does not appreciably alter the 
wave functions the solution will be self-consistent 
in the Hartree sense. Since the perturbation is 
symmetric (i.e., possesses the same symmetry 
group as the unperturbed problem) we know at 
once that no states in the lowest band will enter 
in the new functions and but one from each of 
the higher bands, namely that which belongs to 
the same representation as the unperturbed 
function. 

The Hamiltonian HH? is taken to be of the 
form 

hh? hi? 
——Ai+>>* Vasy= ——Ai+ V*, (7) 
2u apy M 

in which Vs, represents the potential arising 
from the ion situated at the position at,;+ re 
+r; where a, 8, y are integers, 7, T2, Ts are 
the primitive translations of the group, and }>* 
indicates that the sum is to be carried out in 
such a way that V.,, is regarded as being zero 
outside of the rhombic dodecahedron surround- 
ing the a, 8, y-th ion. In other words the 
potential at a given point is to be taken as that 
arising from the ion in the polyhedron within 
which the point is situated, so that it will gener- 
ally be a function with discontinuous derivative. 
That (7) is a good starting operator arises from 
the fact that it regards the ion-ion interaction as 
just balancing the interaction of the given elec- 
tron with all other electrons and ions outside of 
the polyhedron, in which the electron is, and the 
interaction of outer electrons with the ion in this 
polyhedron which would be true if the other elec- 
trons formed a constant charge distribution out- 
side of the polyhedron containing the given elec- 
tron. The results for Na show that this is a rough 
description of affairs for all simple metals. 

Using Hp, and the fact that all wave functions 
are to be of the form 7,e“* in which 7, is in- 
variant under the translation-group and «x is 
a lattice vector in the inverse-lattice space, the 
Schroedinger equation for n, may be written 


— (h*, 2u) An. — (h* u)ix Unt V*n.= Ey nx, (8) 


where E,’ = E,—(h?/2u)x* may be regarded as 
being the energy of 7,. If the operator 
—(h?/w)ix-V be viewed as a perturbation then 
as in reference 1 we have, using the Schroedinger 
perturbation theory . 
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9 


| Sny(h?/u) KV no|? 


E!=Es-¥ ——, (9) 
A FE, — Eo 
h’ S mk-TVn0 
"c=Nnot1 > : —Tr, (9a) 
MOA Ry = Eo 


where \ runs over all solutions of the unper- 
turbed problem. If we consider any 7 to be 
expressed by a sum ).* over each of the poly- 
hedrons, it was previously shown that the poly- 
hedron may be replaced by a sphere of equal 
volume for purposes of determining energies. 
The lowest no is then that function for which the 
boundary condition ¥’ =n’ =0 is satisfied at the 
surface of the sphere, while the only »,’s which 
need be considered are those p functions which 
satisfy the relation »,=0 at the boundary of the 
sphere. For the observed lattice constant of Li, 
namely, 3.46A, the radius r, of the equivalent 
sphere is 3.21a,. The energy-r, curves are shown 
in Fig. 2. 

If we employ the Hartree system of units for 
which the Bohr radius is the unit of length, 
e*/a, is the unit of energy and both & and the 
electron mass are 1, the values of the integrals 
S 0x0no/8x = a, are given in Table III for the 


TABLE III. Values of integrals f'n, Oqo/dx =a. 

r) 3.21 3.33 3.62 3.88 
| E—E,» 0.64 0.60 0.50 0.43 

a 0.2402 0.2214 0.1720 0.1407 
Il E—Eo 2.27 2.10 1.79 1.5 

a 0.2718 0.2565 0.2317 0.2142 
Ill E-—E 4.84 4.55 3.93 3.47 

a 0.2045 0.1822 0.1568 0.1513 


three lowest-energy p functions going with four 
values of r,. The values of E, — Ey are listed simul- 
taneously in terms of Hartree’s energy unit. The 
Roman numerals refer to each of the three sets 
of p functions of Fig. 2. Using these integrals and 
the same system of units, the sum in (9) reduces 
to the form 8x*/2 for which 8 takes the values 
given in Table IV. In the perturbation scheme 
TABLE IV. Values of 8. 


rs 3.21 3. 3.62 


33 3.88 
B 0.266 0.245 0.194 


0.168 


of Brillouin-Wigner the second approximation 
for the energy has a form much the same as (9), 
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Fics. 2a and 2b show the energy-r, curves for s and p 


function, respectively. The ordinates are in Rydberg units 
and the abscissas in Bohr units. 


with the exception that E,’ replaces Ey in the 
denominator of each term in the sum, so that 
one obtains an implicit equation for E,’. Since 
E,’ is a function of x*, we may obtain a power 
series for E,’ from this by means of a successive 
approximation method in which the solution 
obtained by placing E,’ = Eo in the denominator 
is regarded as the first-order solution. The next 
approximation is obtained by placing this in the 
denominator and expanding the fraction in 
terms of «x*, etc. This series is of the form 


EY = Ey- BAK? + pox! = Er3K°, 


in which A, is just 8 of the Schroedinger approxi- 


mation and 


2a 2a 
As=Az2 Dd - eget te +? DU agers. 
» (E,—£p)? » (E,—E>)? 


The values of Az: and A; for the values of r, pre- 
viously listed are given in Table V. The value 
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TABLE V. Values of ds, As and k. 





Ts Ae As k 





3.21 0.0829 0.0745 0.5978 
3.33 0.0747 0.0509 0.5754 
3.62 0.0482 0.0319 0.5301 


3.88 0.0423 0.0251 0.4946 


Vv x? =k corresponding to the uppermost electrons 
of the filled band of levels is given by 
k=(9x/4)'/r, and from the last column of 
Table V it is seen that the term in F* is practically 
negligible. The term in &* corresponds to part of 
the fourth order approximation of the Schroe- 
dinger scheme so that its order of magnitude 
is an indication of the error made in employing 
the second order approximation of either per- 
turbation scheme. The mean energy per electron 
of the function ¥,=n,e*" will be E,=£,'+4x° 
in Hartree units or 
3 3 | 
(1—A,)k?7+-—Agk*——-Agk®. (10) 
28 24 


E,=Eo+ 
10 


The corresponding energy for perfectly free 
electrons in a potential trough of depth Ep is 
Eo+3k?/10. The ratio of (10) to this, excluding 
E, in both cases, is given in Table VI along with 
the ratio 1—8 for the Schroedinger perturbation 
scheme. As expected from the minimum-value 
viewpoint, the Brillouin-Wigner scheme yields a 
higher energy than the Schroedinger scheme in 
the same approximation although they differ 
by only about a percent. In the last column of 
Table VI, the equivalent Fermi energy of the 
former scheme is listed in terms of kg.cal. per 
mole. 

In the second appendix of II, reference 1, it 
was shown that the electrostatic energy of a 
body-centered lattice of positive charges e sur- 
rounded by a uniform distribution of negative 
charge such that there are e units per s poly- 
hedron, was practically the same as the energy 


TABLE VI. (1—8) and the ratio of Eo+3k*/10 to Ey for the 
Brillouin- Wigner scheme. 





Brillouin- 





Energy 
r, i—s Wigner Difference (kg. cal.) 
3.21 0.734 0.744 0.010 48.8 
3.33 0.755 0.763 0.008 46.5 
3.62 0.806 0.810 0.004 42.0 
3.88 0.832 0.835 0.003 37.8 
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of a uniformly charged sphere with a point 
charge é at its center, so that the classical energy 
per electron of the lattice, when the actual dis- 
tribution is present, will be that of the actual 
charge distribution in the s sphere. As a result 
of this, we sha!l assume that the proper Hartree 
field to employ in writing down //,;" of the first 
paragraph of this section, is just 17+ >0*V., os», 
aBy 
where V., as, is the Hartree potential arising 
from the electron charge distribution within the 
aByth s polyhedron. V,, as, will be a slowly 
varying positive function of position within a 
given polyhedron just as in the case of so- 
dium, so that >>*V,, .s, will be slowly varying 
apy 
throughout the lattice. Hence the integrals 
SVA(X*V., ay) will be small in all cases 
apy 
except when «= because of orthogonality, and 
the eigenfunctions of //,;“ will be practically 
identical with those of //,°. This is clearly seen 
if >°>*V., esy is regarded as a perturbation on 
apy 

HH as in reference 1, II. 

Thus the eigenfunctions of //;° are the solu- 
tions of Hartree’s equations for the lattice and 
we may now proceed with an investigation of 
Fock’s equations. 


§3. THe SOLUTION OF Fock’s EQUATIONS 
FOR THE LATTICE 


For the case of perfectly free electrons, Fock’s 
Eqs. (4) are reducible to the Schroedinger form 
since exponential functions are® eigenfunctions 
of the operator A, so that Fock’s and Hartree’s 
equations are identical. In the present case this 
will not be precisely true, but we may easily de- 
termine the order of magnitude of the difference 
in the mean energies of the total Hamiltonian 
of the crystal obtained from an anti-symmetric 
combination of each set of solutions. 

We have found that the eigenfunctions of //;, 
were approximately of the form 

vn=>.*( folfasy) tix TasySi(fapy)e™*, (11) 


apy 


where 7.3, is the radial distance in the aSyth 
s polyhedron, fy is an s function normalized 
within an s polyhedron, and f; is rag, times a 


* L. Brillouin, J. de physique 5, 413 (1934). 
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sum of the radial part of » functions. More ex-_ will not affect any conclusions concerning 
plicitly, if we normalize the radial » functions relative orders of magnitude of effects. Under 


fi(r) so that this assumption (11) reduces to 
¥e=L*(1t+tyKn-Papy)/- do, (12) 
[ ferar=3, 4r, or apy , 
e v, 
where y?=5(> > y?)/r,?. (13) 
A 


. 
| [(x-r)? re) ferdr sin 6d6d ¢ = x’, 
a The normalizing constant for (12) is then 1/A 


where #» is the volume of an s-sphere, (11) is of where 

the form A*= N(1+x«’*y?), (13a) 
p.=er® S*( fott-K-Lasy >. Yafr/fasy) (11a) N being the total number of electrons in the 
th “7 ' metal. In the following work, integrations over 

wit the entire crystal may be replaced by integra- 


m= (h/u) f n.(0/0x,)nodr/(Ex— Eo) tions over the s-sphere if the factor N in (13a) 
ve is neglected. 


=) 


= i om ) ) os ° e ° . e 

o/(Ex— Eo), (t1b rhe term containing the operator A, in Fock’s 

so that fhi=d nbhi/reasy- (lic) equations for ¥, may, as is well known, be re- 
“ placed by the summation 

Table VII gives the y's corresponding to the — >’ g,(x)y,(x), (14) 


, 


TABLE VII. Values of y corresponding to the a's of Table III. 
= = : where v is summed over all values except « and 














r, 3.21 3.33 3.62 3.88 
a meinaemnenmenee . — s »\ ani J, ¥() \ier. | —- (15 
(x) = » (v)v,(y)dr, y-xX, (15) 
I 0.375 0.369 0.344 0.313 g LS oy) vel — = 
II 0.120 0.123 0.130 0.140 , , . 
il 0.042 0.040 0.040 0.044 Where yand x each refer to three coordinate vari- 
: - ables and dr, is the corresponding voiume ele- 








ment. For the functions (12), if we let 
a’s of Table III. In order to proceed further with 
the present discussion we shall assume that fy 
and f; are constants. Aside from the fact that 
both of these functions are slowly varying, this any term of (14) may be written 


y=)>*( 1+tyv-Tasy)/ do’, 


apy 





(1+tyv-x)e vay [(1+iy«-y)(1—iyv-y)/|y—x|* Je” dz, 


Or if we make the transformation z= y— x this is identically 


(1tive-nyete f [(1+iye-2)(1 iye-2)e ”-8/\3| dr, 16) 


to within terms of the second order in yv and yx. The integral in (16) is a constant, however, and 
may be added directly to the energy parameter. Hence to within terms of the second order in the 
foregoing quantities, Hartree’s and Fock’s equations are identical for functions of the type (12). 
The energy terms of this order of magnitude which arise in the so-called ‘exchange integrals,”’ will 


be found to be negligibly small. 
$4. THE ENERGY RESULTING FROM THE SOLUTIONS OF FOCK’s EQUATIONS 


We may now proceed with a computation of the mean value of the proper Hamiltonian for the 
metal based upon the previous one-electron solutions. This Hamiltonian will be of the form 
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h? 1 e 
H=D—Act- I’ —+- LD’ —+E Ver (17) 
i 2u 2 o 6 ri; 2° Bris ia 


using the notation of §1 where V,,; is the potential of the ith electron in the field of the ath nucleus. 
The simple form of the third term arises from the fact that the nuclei are separated enough so that 
the closed shells do not overlap. It was shown in II, reference 1, that the mean values of the first 
and last two operators combine with the coulomb integrals of the second in such a manner that the 
result is simply the sum of the energy parameters of (8) plus N times the self-potential of the charge 
distribution within an s-sphere. From (9), this distribution, is simply the mean value over occupied 


states of 


e(f.2+(«-r)*f2(r))(1—xty’ +n4y”), (18) 


where y’ => _y,?. The last factor is simply the normalizing constant. This mean value is 
\ & 


— 
A 
3 3 k? k* 
e(: —9 — b+y"— a) f2+( -—7'— Jas (19) 
» / . 7 > 
which is illustrated in Fig. 3 for r,=3.21. If we designate by x the part of this which deviates from 
the constant mean value e/ Jo, that is, let (19) be replaced by e/#9+ x, the self-energy, may be written 


6 e 3 e? er? 
. +f x( ——-— =) rar, (20) 
10 r, 2a CO 


in which the self-energy of x has been neglected. The integral in (20) has been evaluated for four 
values of the lattice constant and in each case the results were 0.001e?/a, (0.6 kg.cal.). 

It now remains to compute the total exchange energy of the electrons. In the previous work this 
was done by determining the so-called Fermi-hole which is a function describing the probability that 
another electron will be at a distance r from a given electron and then evaluating the decrease in 
interaction energy of electrons resulting from this correlation. This decrease is just the exchange 
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Fic. 3. Plot of mean charge distribution within a given Fic. 4. Relative scale plot of the radial function f,. The 
s-sphere. The abscissas are in Bohr units. abscissas are in Bohr units. * 
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energy and in the Fock approximation arises only for electrons of parallel spin. Explicitly, the energy 
is 

e > w,*(xi)v,* (x2) 0, (x2) ¥,(1) 

Sg fe en (21) 
z-* X1—X, 

in which v and uw are to be summed over all occupied states of parallel spin. The factor } enters in 
order that interactions are not counted doubly. If the order of summation and integration is inter- 
changed the mean value of the summed numerator, when regarded as a function of x; — x is just the 


Fermi-hole. 


In the case of the approximate eigenfunctions e'’* this function depended only upon |x;—xe! so 
y ul 


that the “exchange potential”’ 
Wa (x1) Wr" (x2) byl X2) (41) / | X1— Xe! dr 2,~2, 


of a given electron did not depend upon its position in the lattice. This statement is clearly identical 
with the previous one that the operator A, in (4) is constant for exponential functions. 

In the case of lithium, the functions y, are of the form (11) so that the shape of the Fermi-hole 
and the exchange energy will differ from that of sodium. Any direct calculation of this change is 
made very difficult in comparison with the calculations of the coulomb energy because of the fact 
that the integral in (21) may not be split into integrals over single s-polyhedrons in any simple 
manner. For purposes of simplifying this computation, we shall assume a modified form of the 
function (11), namely, that in which both fy and f; are taken to be constants. The first function is 
very nearly constant, just as in the case of sodium, so that the error arising from this source will not 
be appreciable. The second has the form shown in Fig. 4, and though not constant, it varies smoothly 
and is small in comparison with fo. An estimate of the error made in adopting this last assumption 
will be obtained from the magnitude of the energy terms arising from f; for it will be clear that these 
cannot undergo any great change if the actual f; is replaced by a constant. 

We start, then, with functions 


y= \e" , Fo! (1 —ido! > *v-rafi(ra)), (22 
a 
for which the normalizing constant is 
y,|%dr=N(1+27) =N7, (22a 
1 
The numerator of (21) is 
eX») “i (1/82 Ny,’ 7,’)[ 1 +id0!d *(v— uw) Pafi(tia) tide! > *(u—v)-resfilres 
a 8 
3 


+ Pod *(e-Pia) (mPa fir(tia 


+1(>°*(u v ‘Tiali(fia (> *(u- v)-Teaf(res 
a fe] 


+ do>.* M*Te3)(¥° Teg f* (res 


8 


in which terms involving the components of » and » to higher than the second power have been 
dropped. That this is allowable will be seen from the results below by comparing the order of mag- 
nitude of the effects arising from the term in the first power with those from the second. 


If we now set fos = fia +E — Tag Where ¢ is to be regarded as being defined over the entire range of 


the crystal, and rag is the lattice vector connecting the ath and 8th polyhedron, we obtain upon 


integrating over r; with f;=s=(15y,4rr6°)! 
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> 
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* 
+3275 * | (u—v)-fie(u—v)-(E- rasdrt2NOw- wy +00E! [ BTigh(E—Tap)dri 


* * 
+oetEs [ r- Hien: (8 repli eE* [ H-(& ras) (E—reakdrs] (24) 


The integrals /* are defined in such a way as to take the continuous nature of £ into account. That 
is, in integrating 7, over the range contained in a single polyhedron the discontinuous range associated 
with functions of rz must be kept clearly in mind. This may be done without difficulty if each integral 
J* is regarded as being a sum of integral such that each one corresponds to a range of r, for which 
r,+¢é lies within a fixed polyhedron. It is clear that the integrals of r, over different polyhedra are 
equal, so that we may restrict the discussion to just one and drop the N in the denominator of (24). 

The results of this integration will be a continuous function of ¢ and the variables » and yu. If we 
average over the latter two the result will be simply the Fermi-hole for a given electron. 

It is not convenient to carry out the integration over r, for all orientations of — because of the 
complexity of the integrand and we shall restrict the discussion to the case in which ¢ lies in the 
(100) direction. This will not alter the results arising from the constant term in the parenthesis of 
(24), since this gives rise to a spherically symmetric function of =, which was just the Fermi-hole in 
the case of sodium. Since there are fully forty-eight equivalent directions for a crystal having body- 
centered symmetry, the function arising from the remaining terms will be nearly spherically sym- 
metric so that this restriction is not of major significance. 

If we expand the normalizing constant 1/y,’7,’ to second order terms in u and v and combine this 
with the parenthesis an important reduction is effected and the result is 
er) -E(] Dk +id 'z (u—v)-(E- raldrita* | we Yipl(E—re)dri 


* yt 


+3¢f v- Nyy: (E— radnits* | wu (E— Ta) (E- reddni} 








In performing the integration over r,, we shall 
replace the s-polyhedron by the equivalent 
sphere of radius r, in the usual manner. Because 
of this, the vector ¢ if fixed in direction will always 
lie within the cylinder generated by moving this 
sphere in the given direction. Since spheres do 
not form space-filling solids, we must adopt 
some reasonable arrangement of these within 
this cylinder corresponding to the different 
polyhedra. There are several reasonable con- 
figurations, but that which we shall adopt will 
be chosen in such a manner as to compensate in 
part the assumption that é lies in the (100) direc- 
tion. We shall use the arrangement of Fig. 5 in 
which the spheres are placed tangentially on the 
axis of the cylinder. This is to be compared with 
Fig. 5b in which the actual polyhedron bound- 
aries are shown on the corresponding scale for a 
plane normal to the (001) axis. There are several 


points to be noted in this comparison. First, the 


distance between sphere-centers does not cor- 
respond to the distance between polyhedron- 
centers, and this partly compensates the fact 
that neighboring polyhedra are farthest apart 
in the (100) direction. Second, since £ lies in the 
(100) direction each of the integrands will be 











ese" } 


(100) — 


Fics. 5a and 5b. A comparison of the relative positions 
of s-spheres and polyhedrons for a cut in the (100) direction 
of the crystal, orthogonal to the (010) directign. 
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the same function of (¢—ras) for polyhedra 
lying in the same vertical plane. Because of this, 
we shall take the integrand to be axially sym- 
metric in the region of the cylinder outside of 
two neighboring spheres and assume that a node 
plane passes through the point of tangency. The 
volume outside of spheres is not equal to that 
contained in spheres, the ratio being 1:2, but 
this is not of great consequence. There are then 
three important regions of integration to be 
considered : 


I. The region of r, for which r,+¢€ is in the same sphere 
as when r, =0. 
II. The region for which r,+¢ lies in an adjacent sphere. 
III. The region for which r,+€ lies outside of spheres. 


Only in the case for which =r, with nm an 
integer is the contribution from II and III 
zero. The correction to the Fermi-hole resulting 
from this integration is shown in Fig. 6 along 
with the Fermi-hole for free electrons. The 
exchange energy as a function of r, is 


—0.458e?/r,—1.05y'e?/r,4+1.40ye"/r,5 


—2.49ye?/r,'. 


The energy arising from each of these terms is 
given in Table VIII along with the sum. The 


TABLE VIII. Energies arising from each term in the expres- 
sion for the exchange energy. 

















r, 1 2 3 4 Sum 
3.21 — 88.5 —1.2 0.1 —0.3 — 89.9 
3.33 —85.3 —1.0 0.1 —0.3 — 86.5 
3.62 —784 —(0.7 0.0 —().2 —79.3 
3.88 —73.2 —0.5 0.0 —0.1 —73.8 

| 
0 ——— 
0 | 2 }/rs 


Fic. 6. The large curve is the Fermi-hole function for 
free electrons and the small curve represents the relative 
scale correction to this. Abscissas are in units of r,. 
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energies are in kg.cal. As might have been ex- 
pected, the energy arising from the linear term 
in vy of the parenthesis of (25) is larger than that 
arising from the quadratic terms by a factor of 
about 5. On the whole, however, the exchange 
energy is not greatly affected in spite of the 
presence of this linear term and we may conclude 
that f; in (11) causes a change in the shape of the 
Fermi-hole of such a type as to leave the energy 
almost unaltered. 

We may now sum up the results of this inves- 
tigation of the solution of Fock’s equations with 
Table LX in which the mean value of the proper 


TABLE IX. Mean values of the proper Hamiltonian 


3.21 3.33 3.62 
13.9 14.5 14.0 


3.88 


vs 
Energy (kg. cal.) 12.6 


Hamiltonian when taken with an antisymmetric 
combination of the solutions is listed. The 
minimum value of the energy occurs for r, = 3.38 
corresponding to a lattice constant of 3.65A. 


§5. CONCERNING ADDITIONAL CORRELATIONS 


As was pointed out in reference 1, II, the 
principal weakness of the Slater-Fock approx- 
imation lies in the fact that it does not give rise 
to correlations between electrons of antiparallel 
spin, that is, there is no analog of the Fermi- 
hole for electrons of antiparallel spin. That such 
a hole is of major importance from the stand- 
point of binding energy was a viewpoint adopted 
from the start and it was concluded that prac- 
tically all of the discrepancy between the ob- 
served binding energy and that given by the 
solution to Fock’s equations arises from this 
source. The process of introducing more general 
correlations is simply one of selecting a more 
general complete wave function than the Slater 
determinant, as discussed in the introduction, 
for the case in which the solutions to Fock’s 
equations were practically of the form e**, it 
was found possible to present another approx- 
imation which forms a natural sequel to the Fock 
approximation. 

Strictly speaking, these results are valid only 
in the case of exponential eigenfunctions, but at 
the present time they will be taken over directly 
for the case of Li. The results on exchange 
energies indicate that the error introduced will 
probably not lie outside the computational error 
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of the work of Wigner so that until some future 
time when the entire work of correlation energies 
is gone over from a more rigorous standpoint, 
this will be considered adequate. 

Using the work of Wigner directly, we obtain 
the results of Table X in which the upper row 


TABLE X. 
r, 3.21 3.33 3.62 3.88 Obs. 
Corr. energy (kg.cal.) 19.8 19.2 184 17.9 
Total 3S. BT BA BMS. UMD 


gives the correlation energies and the lower the 
final binding energies as functions of r,. The final 
lattice constant is found to be 3.53A corre- 
sponding to r, = 3.27 for which the binding energy 
is 33.8 kg.cal. The observed lattice constant of 
3.46A corresponds to r, =3.21. The sources of 
these experimental values are the same as those 
used for sodium. 

The fact that the results of the present work 
are in better accord with experimental results 
as far as the lattice constant is concerned, I 
believe to rest upon the increased accuracy of the 
computation for lattice constants other than the 
observed one. In the case of sodium most atten- 
tion was paid to the computations for this value 
of r,. For example, this was particularly true in 
the determination of the Fermi-energy. I hope 
that time permits a renewed investigation of this 
point in the near future. 


$6. GENERAL REMARKS CONCERNING THE SOLU- 
TIONS OF Fock’s EQUATIONS FOR SOLIDs 


There are several features of the preceding 
development that will be valid for crystals other 
than the monovalent metals lithium and sodium 
if slightly altered. It may be of interest to point 
these out at this time. 

In the first place, the Hamiltonian (17) con- 
tains the explicit assumption that the full effect 
of closed shells and ions on the valence electrons 
may be included in the resultant field arising 
from the superposition of central fields which 
satisfy the conditions described in §1. This 
assumption is generally too stringent, for as 
discussed in the same section, these conditions 
may be satisfied only in the simplest cases. If the 
closed-shell electrons are not greatly affected by 
the precise form of the valence-electron func- 
tions, as Hartree’s work shows to be the case for 
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very many atoms, this ion-core field may be 
replaced by one of the Hartree type in which 
the classical potential of the core charge is 
employed. Then when Fock’s equations have 
been solved for this field, the interaction energy 
of valence and core electrons may be treated as 
an additive constant to the binding energy. Such 
a procedure would be highly practicable in those 
cases in which the Hartree fields are known and 
probably represents the best approach to the 
theoretical solution of most solids for some time 
to come. 

Next, in dealing with ion-ion interaction, it 
was assumed in the present case that the over- 
lapping of closed shells was sufficiently small 
so that the interaction was purely classical and, 
as a consequence, the same as that arising from 
point centers. This is clearly the simplest possible 
case. The next degree of complexity of interaction 
is that in which overlapping occurs to such an 
extent that the interchange forces between 
neighboring ions are small but not negligible ; that 
is, the magnitude of the interchange interaction 
energies is not negligible but the core eigen- 
functions will not be altered enough to change 
the Hartree field arising from them. For most 
of the solids formed of atoms in the short periods 
of the periodic chart as well as the alkali and 
alkaline earth metals this will be the case, and 
the exchange interaction energy may be com- 
puted on the basis of the usual Heitler-London 
approximation for which a good deal of work has 
already been done.’ In those cases in which the 
closed-shell electrons are considerably affected by 
ion-ion interaction, as may occur with certainty 
in the long series in which “unstable’’ closed 
shells are present in the free atom, the closed- 
shell electroris must be treated on an equal 
footing with the valence electrons. It is just in 
these cases that the clear-cut concept of valency 
breaks down from the chemist’s viewpoint as 
well as that of the atomic spectroscopist. It is 
needless to say that although the formal pro- 
cedure of solution may be well defined in such 


7 Heitler and London, Zeits. f. Physik 44, 455 (1927); 
A. Unséld, Zeits. f. Physik 43, 563 (1927); L. Pauling, 
Zeits. f. Krist. 67, 377 (1928); N. Bruck, Zeits. f. Physik 
51, 707 (1928); M. Born and J. Mayer, Zeits. {. Physik 75, 
1 (1932): J. Mayer and L. Helmholtz, Zeits. f{. Physik 75, 
19 (1932); W. Bleick and J. Mayer, J. Chem, Phys. 2, 252 

1934). . 
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cases, the practical difficulty will be as great as 
it is in the case of Hartree’s work. It is at this 
point that questions of ferromagnetism arise and 
quantitative treatment of this topic will probably 
be approached only after surmounting the dif- 
ficulties outlined here, for the works of Heisen- 
berg, and Bloch® give convincing indications that 
the source of ferromagnetism lies in strong ion- 
ion interaction rather than in the mere presence 
of free electrons of the type met with in lithium 
and sodium. 

Next, in proceeding with the solution of Fock’'s 
equations for all electrons not in “‘fixed’’ closed 
shells we have assumed at start that the one- 
electron wave functions are of such a form that 
they extend throughout the entire crystal, or 
more exactly, that |y/|* possesses the symmetry 
of the lattice in the space-group sense. This had 
as an extremely important consequence, from 
the practical computational standpoint, the fact 
that Fock’s equation for each wave function is 
practically identical with all others because the 
effect on a given electron of an electron in the 
same state is negligible in comparison with the 
effect of all other electrons. As discussed in §2, 
the ratio of effects is 1:N, N being the total 
number of unit cells in the crystal. This rests 
directly upon the presence of translational sym- 
metry, characteristic of the solid state in general, 
and is a primary point in which the Fock approx- 
imation for solids is simpler than for complex 
atoms or molecules. The importance of this lies 
not only in the fact that we need deal with but 


*See Van Vleck, The Theory of Electric and Magnets 
Susceptibilities, Oxford Press, Chapter XII. 
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one equation of the form (4) in which > :4. ; Vi(x,) 
and A; are practically the same for all electrons, 
but that the different solutions are automatically 
orthogonal without introducing normalization 
parameters, or rather that these parameters may 
be taken to be zero. 

As a final point, the neglect of magnetic inter- 
action of electrons may be open to discussion. 
The general computational theory of atomic 
spectra shows that these forces are usually large 
only for tightly bound electrons that play an 
important role in the production of x-ray spectra 
and may be neglected for valence electrons. This 
neglect is unquestionably safe in the case of 
light atoms as the work of Hylleraas on He, 
Guillemin and Zener, Slater, and Wilson on 
lithium, and James and Coolidge on H: shows® 
to be the case. 

In the present work it has been assumed that 
the so-called Brillouin discontinuities in the 
energy surface are not important. This was 
found to be true in sodium! and will probably be 
true in other alkali metals. In cases in which there 
are two or more valence electrons per atom, this 
neglect will not be permissible since electrons will 
occupy states outside of the first zone. At the 
present time the author is carrying on an inves- 
tigation of these discontinuities from the stand- 
point of the representations of space-groups 
which it is hoped may clear up some uncertain 
points in connection with their existence. 


*E. A. Hylleraas, Zeits. f. Physik 57, 815 (1929); V. 
Guillemin and C. Zener, Zeits. f. Physik 61, 199 (1930); 
J. C. Slater, Phys. Rev. 36, 57 (1930); E. B. Wilson, J. 
Chem. Phys. 1, 210 (1933); H. M. James and A. S. Cool- 
idge, J. Chem. Phys. 1, 825 (1933). 
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Structure, Ionization and Ultraviolet Spectra of Methyl Iodide 
and Other Molecules 


RoBert S. MULLIKEN, Ryerson Physical Laboratory, University of Chicago 
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SYSTEMATIC and comparative study of 
a variety of molecular types (halogens, 
hydrogen halides, monovalent metal halides, 
methane, ammonia, and their halogen derivatives, 
ethane, ethylene, acetylene, hydrazine, hydrogen 
peroxide, CN compounds, etc.) has led to con- 
clusions as to electronic structures in normal and 
low excited states. and therefore as to the inter- 
pretation of observed ionization potentials and 
ultraviolet absorption spectra, for these mole- 
cules. A paper on the halogens has already 
appeared,' and papers on other molecular types 
are nearly finished. As a sample of the results, 
conclusions concerning methyl iodide (CH,lI) 
may be summarized. 
The normal state (symmetry C;,), omitting 
iodine inner electrons, may be described as 


(15¢)*[ sa, }*(5sya;)*[ re ]*Loa, ]?(Spaye)*, Ay. (1) 


7 


The orbitals [sa,], [xe], etc., are given in 
probable decreasing order of term value (ion- 
ization potential). The orbitals [sa;], [re], 
[oa,] may be regarded as belonging to the 
molecule as a whole, although [ze] is com- 
pletely, [sa,] largely, localized in the CH; 
radical. Symbols a; and e are systematic symbols, 
telling to what representation of the group C;, 
the orbitals in question belong ; the other sym- 
bols s, ¢, x refer to more specific characteristics. 

The orbital [oc] is the chief C—I bonding 
orbital, but [s] also helps a little in the C—I 
bonding. The chief C—H bonding orbitals are 
[x] and [s], especially the former, while [oc] 
helps a little. 5s; and 5px; (and others omitted 
in (1)) are non-bonding I atom orbitals. 5p7; is 
especially important because its term value is 
lower than for any other orbital in (1). This 
means that the minimum J (J =ionization poten- 
tial) of CH;I corresponds to removal of a 5px 
iodine electron. 

In this and in other details of its electron con- 
figuration, a close analogy can be set up between 
CH;I and CII. The latter’s normal state’ 


1R. S. Mulliken, Phys. Rev. 46, 549 (1934). 


(omitting inner electrons) may be written 
(3se10)?(S5s,0)?(Bo)*(3paei)*(Spmy)*, "ES. (2) 


Bo represents the Cl—I bonding orbital. Ion- 
ization by removal of a 5px, should give 
-++(5p7,)*, *Il. This must have a *II, (lower) 
and a *II, (higher) component ; their separation 
Av should be! about 0.61 volt, which is 2/3 the 
separation 0.94 volt between *P,, and *P, of 
the *P normal state of the I atom. 

Similarly in CH;I, removal of one 5p; should 
leave a state ---(5p,e)*, *Z. Since the gap in 
the structure (1) is localized in the I atom, and 
since the field in which the 5p; electrons move 
must be nearly the same in CHgl as in CII, even 
though technically the symmetry is different 
(C3, instead of C,,), it is reasonably clear that 
the *E of CH;I* should have two components 
like those of the *II of CII*, and with about the 
same Av. 

For ICI, no measurements of J exist, but a 
pair of absorption band-systems near A1800 
show a Av=0.58 volt, close to the value pre- 
dicted for ClI*. These systems have been inter- 
preted! as having upper levels 
[--+(Spx;)*, *1ly ](Co) and [---?M,](Co), (3) 


= 


i.e., two levels for each of which a loosely attached 
electron in an orbital Co may be thought of as 
added to a CII* core, respectively in the *I,, 
or 7II, state. The observed Avy =0.58 volt should 
thus be essentially that of CII* (predicted about 
0.61 volt). Since a similar excellent check is 
repeated for the similar molecules IBr, BrCl, 
and is supported by other evidence, the foregoing 
interpretation seems well established, and in- 
directly verifies the predictions concerning CII*. 

For CHI, a pair of absorption band-systems 
near 41900 is known which closely resemble 
those of CII*, except for structural complications 
due to the additional nuclear degrees of freedom. 
The observed Av is 0.61 volt. The explanation is 
very probably like that in CII*, especially since 
a similar pair of band-systems is alsd found in 
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CH;Br. This strongly supports the prediction 
that the normal! state of CH;I* is a *E with two 
components, analogous to *II,, and *II, of CH;I*. 

Incidentally, the strength of the C—I bond 
should not be much affected by excitation of 
5pm, (non-bonding) to give the bands near \1900 
(this agrees with their structure), nor by its 
complete removal to give CH;I*. (By “strength” 
of bond is here meant vibrational force constant 
and C—I distance, rather than dissociation en- 
ergy; the latter may be greatly changed.) 

‘ By methods given previously,' one 
roughly predict / for removal of any non-bonding 
electron from a molecule. For removal of 5p7; 
from CII or CHI or HI, the predicted J (J prea) 
is about 11.16 volts. This applies to a mean / 
for the two components of the *II or *Z ; actually 
there should be two I's close together with 
predicted values 11.16+Av/2, ie., 10.85 and 
11.47 volts. The observed minimum /(J/,,.) for 
CH,lI is 9.1+0.25 volts.? The agreement with 
I prea = 10.85 is as good as experience! allows us 
to expect (cf., e.g., HI, where J preq=10.85, 
I obs = 12.75 volts). 

Configuration (1) applies also to CH;Br and 
CH;Cl, except that 4s,, and 4p7,, or 3s¢; and 
3pmc; appear. Ionization potentials, and ultra- 
violet bands, show relations analogous to those 
in CH;I, although the bands are less sharp. 
CH;F should differ from the others in the energy 
order of the orbitals in (1), 7 being larger for 
2pry than for [¢ ] or [ x], one of which, probably 
[x }, should give the minimum J. Also, nsx should 
precede [sa] in (1) in all cases except perhaps 
for X = iodine. 

The structure of the molecules CH;X can be 
understood better if they are compared with 
CH, as well as with the mixed halogen type 
XY exemplified by ICI. Except for non-bonding 
I atom orbitals present in (1), the analogy to 
CH, is probably closer than to XY. The struc- 
ture of CH, (symmetry 7 ,) is* 


can 


(1sca,)*[ sa; [pte ®, "Ay. (4) 


If we suppose one H atom slightly displaced the 
symmetry can be reduced to C;,. The degenerate 
orbital [p] then splits up and we have an ex- 


ewitt, Phys. Rev. 46, 616 (1934). 


?T.N. J 
*R. S, Mulliken, J. Chem. Phys. 1, 492 (1933). 
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pression closely similar to that for CHslI in (1): 
(1sea,)*[sa, }*[ re }*{ oa, }?, 14 1- (5) 


The twofoldly degenerate [xe] here should be 
very nearly the same as [ re] in CHI. Each is 
confined essentially to the CH, radical, and the 
only differences are due to secondary effects on 
shape and field of force within CH; which result 
when a C—I is substituted for a C—H bond. 
In particular, J should be nearly the same (14.4 
volts) for [re] in CHslI as for [p], ie., [x] and 
[o], in CH,. For [o] of CHy, of course, J is the 
same as for [x], but for [¢] in CHsl, in the 
writer's opinion, J must be somewhat smaller 
than for [x], but certainly not small enough to 
be identified with the observed minimum J of 
CH;I. The chemical conception of CH;I as a 
“derivative” of CH,, supported by quantum- 
mechanical calculations of Van Vleck, em- 
phasizes the similarity of CH;I to CH,g, insofar 
as the bonding electrons (here described by 
[s }*L x }*{¢ }*) are concerned. 

We might now proceed to other CH, deriva- 
tives such as CHale, CHBrs, CBr,. We shall here 
only mention, however, that the minimum / of 
all these molecules, as well as of many others 
more complex (e.g., C2H;I, C;H;Br) must in 
ordinary cases be that of a non-bonding 5pz, 
or 4p7g, electron if I or Br atoms are present. 
If no Br or I but only Cl is present as a sub- 
stituent, probably 37, or perhaps sometimes 
one of the bonding orbitals, should give Jj. If 
only F is present, a bonding orbital surely gives 
) aa 

[ Added in proof: Throughout this paper ‘‘/”’ 
means “‘vertical J."’ Except for non-bonding or- 
bitals (e.g., 5pr,), ordinary (‘‘adiabatic’’) J's 
should be appreciably smaller than vertical J's.' 
For the former, a different orbital may more 
often give Ji, than for the latter; e.g., in Cl 
derivatives, the adiabatic I,.;, may perhaps usu- 
ally belong to [xz] or [¢] rather than to 3pz¢. | 

For any molecule, /,,;, determines to a great 
extent the region at which its ultraviolet absorp- 
tion begins, as well as the character of the 
spectrum in this region. If Ji, is small, absorp- 
tion tends to begin at relatively long wave- 
lengths. In other words, low ionization potential, 
other things being fairly equal, implies low 
excitation potential. This is the principal reason 
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why, for example, introduction of iodine tends 
to shift the beginning of absorption in an 
organic compound toward long wavelengths. 

In conclusion, we return to the ultraviolet 
absorption spectrum of CHsl, investigated by 
Herzberg, Scheibe, Henrici, and others.‘ This 
begins with a continuous region having an in- 
tensity maximum near A2600. This we may 
attribute to transitions from the normal level, 
call it N (cf. (1)), to an excited electron level A, 
of unstable character such that dissociation into 
CH;+I occurs. At shorter wavelengths are dis- 
crete bands. The first two groups of these, near 
41900 (upper electron levels “B” and “C”’) 
have already been discussed. 

Careful consideration indicates that NA 
involves transfer of one electron from 5px; to 
an excited orbital (aa), giving excited states 


(x;)—[aai]}, *#E, (6) 


where a@ is probably either s* (cf. [s*] of CH,’) 
or o* (cf. Ao* of CII and [e*] of CH,). The 
transition is thus more or less analogous to the 
well-known transitions' in CII to the states 


(41)~'(Ao*), + II, (7) 


where Ao* is a Cl—I anti-bonding orbital. By 


*Cf. A. Henrici, Zeits. f. Physik 77, 35 (1932); G. 
Scheibe et al., Zeits. f. physik. Chemie [B]20, 283 (1933); 
etc. 


analogy with the transition from (2) to (7) in 
CII, the CH;I transition from (1) to (6), ie., 
N-A, may include two or three components ; 
but because the absorption is continuous, these 
cannot be separately distinguished. Theory in- 
dicates that the dissociation products comprise 
unexcited CH; (*A, state*), plus unexcited I 
(p*, *P) in either its *Py, or its *P, state, or 
perhaps both of these, depending on the par- 
ticular component of the group ': *E to which a 
particular absorption act leads. The B, C, upper 
levels may be described as (2;)~'[8], where [8 }, 
not in analogy to the corresponding ICI case 
given by (3), is most likely [+*e] or some other 
e type. 

CH;Br and CH;Cl show analogous absorp- 
tions, shifted to shorter wavelengths because / 
is greater for rp, and mc, than for z;. 

The foregoing interpretation receives strong 
support from recent work of Dr. W. C. Price, 
who has very kindly informed the writer of his 
results (cf. his Letter in this issue for details). 
Price finds Rydberg series in CH;lI absorption, 
leading to two J values 9.49 and 10.11 volts. 
These may evidently be identified with the two 
predicted components of *E of CH,sI* discussed 
above. The Avy =0.62 volt checks the prediction 
while the minimum 7 of 9.49 is nearer the 
approximately predicted 10.85 than is Jewitt’'s 
value 9.1 volts.* 
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Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


The Near Infrared Spectrum of MgO 


Quite recently it has become possible to obtain single 
crystals of MgO as large as 340.5 cm. These crystals 
are highly transparent to visible light, are quite hard and 
have much the appearance of glass. They are cubic crystals 
of the NaCl type, and may be cleaved quite easily, the 
cleavage surfaces being very plane and possessing a high 
degree of polish. Surfaces prepared in this manner require 
no further grinding or polishing before being used, and are 
very resistant to the effects of water, acids, heat, etc. 

Since they are cubic in their structure, these crystals 
should, according to the classical theory of crystal structure 
possess only one absorption frequency in the infrared. Due 
to the high degree of symmetry of a cubic lattice, the over- 
tones of this frequency should not appear, leaving the infra- 
red spectrum extremely simple. Czerny and Barnes.' how- 
ever upon examining other cubic crystals and in particular 
the alkali halide crystals, observed in every case several 
secondary absorption maxima upon the short wavelength 
side of the fundamental. The unexpected occurrence of 
these maxima was later explained by Born and Blackman? 
in a paper entitled Uber die Feinstruktur der Reststrahlen, 
as being due to a slight, hitherto neglected anharmonicity 
of the forces existing between the atoms of the crystal. In 
view of the possibie existence of such secondary maxima 
in MgO, the short wavelength side of the fundamental of 
these new crystals is of particular interest. 

Using a rocksalt spectrometer the transmission curves 
for 5 thicknesses of MgO ranging from 3.05 mm to 0.075 mm 
were measured from Iu to 16u. In agreement with the result 
found by Tolksdorf* on a thin layer of MgO powder, the 
fundamental was located at 14.24. In addition weak trans- 
mission minima (absorption maxima) were found around 
10.84, 8.34 and 7.0u. These do not form harmonic ratios 
with the fundamental and are therefore assumed to be 
analogous to the bands discussed above. It is hoped that 
in the near future a complete discussion of a comparison of 
these observed values with those calculated according to 
the equations given by Born and Blackman may be pre- 
sented. Each of the plates measured was approximately 85 
percent transparent from lu as far out as 6u, the entire 


losses being reflection losses. 
R. BOWLING BARNES 


R. RoBeRT BRATTAIN 
Palmer Physical Laboratory, 
Princeton University, 
February 15, 1935. 


1M. Czerny, Zeits. f. Physik 65, 600 (1930); R. Bowling Barnes and 
M. Czerny, Zeits. f. Physik 72, 447 (1931); R. Bowling Barnes, Zeits. 
f. Physik 75, 723 (1932). 

?M. Born and M. Blackman, Zeits. f. Physik 82, 551 (1933); M. 
Blackman, Zeits. f. Physik 86, 421 (1933). 

+S. Tolksdorf, Berlin Dissertation, 1928. 
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wentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


Interaction of Low Energy Neutrons with Atomic Nuclei 


A number of elements have been shown by Fermi and his 
collaborators to have remarkably high stopping power for 
the slow neutrons which are so effective in producing many 
types of artificial radioactivity. This letter is to report 
measurements of a different type on the stopping power, 
for slow and fast neutrons of a large number of elements, 
the stopping power being expressed in terms of the neutron- 
nucleus collision cross section, and especially to direct 
attention to the result that the cross section for the hydro- 
gen nucleus is about 3.5 times that of the deuterium 
nucleus, although the two nuclei have about the same 
cross section when measured with high energy Rn-Be 
neutrons. 

The Rn-Be source, contained in a platinum capsule and 
surrounded by 1 cm of additional lead to reduce the 
gamma-radiation, was placed in the center of a paraffin 
sphere of 6 cm radius, it having been found that this 
thickness of paraffin gave a sufficiently large number of 
slow neutrons,' and yet permitted fairly good geometrical 
conditions, as shown in Fig. 1. The slow neutrons were 
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detected through the ionizing particles ejected by the 
neutrons from a layer of lithium placed in front of a shallow 
ionization chamber connected to an amplifier-recorder 
system. 

The absorption and scattering of the neutrons was 
studied by interposing similar cylindrical samples of 
various materials in the path between the source and 
chamber. In order to separate out the effects of the slow 
neutrons from the fast neutrons, readings were taken with, 
and without a 1 mm thick Cd disk interposed. The Cd 
served as an effective slow neutron filter, absorbing prac- 
tically all of the slow neutrons lying within its anomalous 
absorption region, but apparently had little effect on 
neutrons of higher (and possibly lower) energies. The 
number of recorded counts was reduced to about 35 per- 
cent when 1 mm of Cd was interposed, indicating that 
about 65 percent of the recorded neutrons were within the 
region strongly absorbed by Cd. 

The results in Table I show the apparent neutron- 
nucleus cross sections, corrected approximately so as to 
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TABLE I. Neutron-nucleus cross section for slow and fast neutrons. 





Neutron-nucleus cross section X 10% cm~* 





Material Atomic weight Slow neutrons 


Fast neutrons 





H i 13.3 1.68 
D 2 3.4 1.71 
Li 6.94 49 1.84 
Be 9.02 3.8 1.65 
B 10.82 600 1.60 
( 12.0 2.8 1.65 
0 16.0 3 est. 

F 19 <4 

Na 23 4.5 

Mg 24.3 2.5 

Al 26.97 1.9 2.4 

Si 28.06 2.0 

Pp 31.03 7.2 

cl 35.46 38 

K 36.1 34 est. 

Ca 40.07 <10 

Ti 48.1 <8 

Cr §2.01 7.4 

Mn 54.93 8.0 

Fe 55.84 7.8 3.0 

Co 58.94 26 

Cu 63.57 5.9 3.2 

Zn 65.38 3.6 3.3 

Se 79.2 12 

Zr 91 17 

Sn 118.7 3.6 4.3 

Sb 121.8 x 

I 126.93 10.1 4.6 

Ba 137.37 100 

W 184.0 19 5.3 

Hg 200.6 430 5.8 

Pb 207.2 6.1 5.7 

I 238.17 100 


express the cross-section value for those slow neutrons 
which disintegrate Li and are strongly absorbed by Cd. 
The results for high energy Rn-Be neutrons not slowed 
down by paraffin, from previous measurements,” are in- 
cluded in the last column. The corrections for the somewhat 
different geometrical conditions in the two sets of data 
have not yet been completely made, but measurements of 
the cross sections for high energy Rn-Be neutrons, using 
spheres of lead and copper instead of paraffin in the ar- 
rangement of Fig. 1, indicate that the high energy cross 
sections should be multipled by about 0.85 to make them 
correct relative to the slow neutron measurements. The 
nature of the measurements at this stage is such that the 
results, especially for the large absorptions, do not have 
much precision. We estimate that most of the smaller 
cross-section values are accurate to well within 10 percent, 
but the larger values within +25 percent. 

While the variation of the cross section of nuclei in 
general with slow neutrons compared to fast neutrons will 
certainly be of theoretical significance, some elements hav- 
ing practically the same value (considering the geometric 
factors), others increased only slightly, and some increased 
enormously, probably one of the most interesting points in 
the table is the large increase in cross section of the proton 
compared to the deuteron. 

The relative effects of H,O and D,O in enhancing the 
efficiency of neutrons in the production of artificial radio- 
activity in silver was tested by activating a strip of silver 
suspended above a Rn-Be source at the bottom of a test- 
tube, first in air, then immersed in 200 cc of H.O, then in 
the same volume of D,O (99.8 percent). The 2-min. period 
radioactivities obtained in air, H,O and D,O were re- 
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spectively as 1, 2.0 and 6.5. Subtracting the direct effect 
in air, the enhancing effect of H,O was 5.5 times that of 
DO. 
J. R. Dunninc 
G. B. PeGRAM 
G. A, Fink 
D. P. MircHEeELy 
Columbia University, 
Department of Physics, 
February 19, 1935. 


!Am. Phys. Soc. Bull., Feb. (1935). 
? John R. Dunning, Phys. Rev. 45, 586 (1934) 


The East-West and Longitude Effects 


In measuring the difference between the numbers of 
charged particles effecting a line of Geiger-Miiller counters 
when it is tilted toward the west and then toward the east, 
the common practice is to rotate the line of counters about 
an axis normal to the equipotential gravitational surface at 
the location in which the experiment is being conducted. 
Now it has been shown in sea-level surveys by Clay' and by 
Millikan and Neher? that the variations in the surface mag- 
netic field for the same geomagnetic latitude extend to 
sufficient heights to influence the charged particles coming 
in at the equator, giving rise to the “longitude effect.” 
Our present surveys show this effect to be from 4 to 5 per- 
cent of the total intensity of the cosmic radiation at sea 
level. A glance at a map showing lines of equal horizontal 
intensity of the earth's magnetic field will show that these 
variations are quite large and extend over wide areas. As an 
example, on the coast of Peru where Johneon’ and Korff* 
have studied the east-west effect; the horizontal intensity 
is 0.30 gauss while 8000 kilometers to the west it has in- 
creased to 0.35 gauss and has diminished to something like 
0.28 gauss in the first 5000 kilometers to the east. These 
distances are of the same order as the radius of curvature of 
a charged particle which is just able to reach the earth's sur- 
face at this latitude and consequently will be influenced by 
these variations. A rough calculation shows that the sur- 
faces of equal magnetic intensity in this region are tilted 
upward toward the west at an angle of several degrees. In 
order for the results of the east-west measurements to be 
interpretable, the axis of rotation of the counters must be 
more nearly normal to these surfaces of equal magnetic 
intensity. This means that the axis of rotation of the count- 
ters must be inclined east of the vertical. 

Now it can easily be shown that the full east-west effect 
found by Johnson can be eliminated if the axis of rotation 
of the counters is tilted about two degrees west of the 
normal to the equipotential gravitational surfaces, and if 
the axis of the counters is set more nearly normal to the 
surfaces of equal magnetic intensity, this angle becomes 
two to four degrees in South America. The east-west effect 
then increases from six to eight percent to something like 
six to sixteen percent at sea level, the exact amount de- 
pending on the ratio of electrons to photons and the effect 
of the earth's atmosphere in absorbing each. . 
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In the African region the effect should be in just the 
opposite direction, i.e., to perform an east-west effect ex- 
periment in this region one should tilt the axis of rotation 
of the counters toward the west. One should then expect to 
find an east-west effect near the equator in both South 
America and Africa even though there were equal numbers 
of positrons and negatrons with the same energy distribu- 
tion coming into our atmosphere. Under these conditions in 
South America there would be a preponderance toward the 
east and in Africa a greater number toward the west. 

The influence of the atmosphere, which lies between two 
equigravitational surfaces, would be to make the effective 
angle of inclination to the vertical of the axis of a line of 
counters less than it would be otherwise. 

In support of this suggestion the experiments of Johnson 
in South America and Rossi’ in Africa may be cited. At 8000 
feet Rossi gets a maximum west excess of 16 percent at a 
point 11° north of the magnetic equator, while Johnson, on 
the magnetic equator would get about 12 percent. 

The point to be noted is the fact that setting the axis of 
rotation of a line of counters parallel to the line of a plumb- 
bob loses its meaning as far as the east-west effect is con- 
cerned in certain locations and interpretations must be 
made by taking proper account of the dissymmetry of the 
earth's magnetic field. 

I wish to make acknowledgment of the fact that studies 
leading to these suggestions have been supported by a 
grant from the Carnegie Corporation of New York. 

H. V. NEHER 

California Institute of Technology, 

Pasadena, California, 
February 18, 1935. 


J. Clay, P. M. Van Alphen and C. G. T. Hooft, Physica 1, 829 
(1934). 

?R. A. Millikan and H. V. Neher, Phys. Rev. 47, 205 (1935). 

* Thomas H. Johnson, Phys. Rev. 45, 569 (1934). 

4S. A. Korff, Phys. Rev. 46, 74 (1934). 

* B. Rossi, Phys. Rev. 45, 212 (1934) 


On the Low Temperature Diffusion of Solid Aluminum 
into Iron 


The writer has recently noted the comparatively rapid 
diffusion of solid aluminum into steel at low temperature. 

A built-up gasket of aluminum foil was used in a bolted 
tongue-and-groove type joint between the body and cover 
of a steel autoclave, being held under very considerable 
mechanical pressure by the bolts. After carrying out a 
digestion for six hours at 290°C, it was found that the 
gasket had welded to the groove at points near the bolts, 
where the pressure was greatest; and in machining out the 
aluminum, it was found to have penetrated into the steel 
to a depth of nearly a millimeter below the original surface 
of the groove at the points of welding. 

The groove had been freshly cut and probably retained 
traces of machine oil. The foil had been moistened with 
turpentine, which strongly wets aluminum, before use. 
Although no direct measure of the pressure between the 
aluminum and steel could be made, the apparatus had been 
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tight in previous work against water above its critical 
temperature, which would require a gasket pressure in the 
neighborhood of one thousand kg per sq cm. 

As no notice was found on such low temperature diffu- 
sion of aluminum into steel or iron, the writer improvised a 
small nichrome furnace for heating under controlled at- 
mosphere and has been studying the diffusion of aluminum 
into iron over the temperature range 300° to 900°. This 
study is still far from complete, but has progressed far 
enough to warrant the publication of a few general results, 
which are outlined below: 

(1) Aluminum will diffuse into steel and into cast iron 
at 300° provided both surfaces are clean and sufficient 
pressure exists at the interface to assure full surface-to- 
surface contact. 

(2) The rate of diffusion is a direct function of the pres- 
sure, as yet undetermined. 

(3) The pressure necessary to produce a given rate of 
penetration varies as an inverse function of the tempera- 
ture. Penetration without substantial pressure has not been 
observed below the melting point of aluminum. 

(4) If the surface of either metal is old or oxidized, diffu- 
sion does not occur at any pressure within reach. 

(5) The rate of penetration under similar conditions 
varies as much as fifty percent between different kinds 
of iron or steel. 

(6) At the temperature of melting aluminum, this metal 
diffuses upward through a bar of iron or steel whose lower 
end is immersed in aluminum at the rate of one to two cm 
per day, depending on the character of the ferrous metal; 
and the penetration continues until the whole bar is 
impregnated. 

(7) The specific gravity of the steel or iron so treated is 
increased; the largest observed increase being about 2} 
percent. (Note that Al-Fe alloys prepared by fusion are of 
lower specific gravity than that of iron, though in general 
higher than the weighted mean of the specific gravities of 
the two metals.) 

(8) The electrical, conductivity of iron or steel wire is 
noticeably increased by iow temperature impregnation with 
aluminum. 

(9) Machining and grinding characteristics of iron and 
steel are not materially changed by low temperature im- 
pregnation with aluminum. 

(10) Above the temperature of melted aluminum, the 
slow diffusion of iron into the aluminum becomes notice- 
able in addition to the reverse process; becoming more 
rapid as the temperature is raised. The original outline of 
a bar of steel immersed in aluminum was completely lost in 
20 hours at 750°, and the original structure of a steel bar 
24 cm dia. by 10 cm long was lost throughout after 20 
hours in aluminum at 900°. It had become hard, brittle 
and of lower specific gravity than the original steel. 

The above notes make it appear that the low tempera- 
ture penetration of iron by aluminum is mainly a capillary 
flow in the intercrystalline pores of the iron, with at the 
most only a superficial disturbance to the structure of the 
latter. This also seems probable on the basis of microscopic 
examination of etched specimens. If so, one would expect 
the treated iron to be both stronger and more impervious 
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to penetration by gases than the untreated material. 
This has not yet been tested. 

Impregnated iron and steel are slightly more resistant to 
atmospheric rusting and much more resistant to high 
temperature oxidation than iron or steel alone. This may 
be due to the more adhesive nature of the oxide film first 
formed, to its lesser permeability or to lessened porosity of 
the metal. 

The writer has also observed the moderately rapid diffu- 
sion of chromium powder into iron at 950°, and that of 
copper sheet into iron at 850°, as well as that of liquid 
aluminum, tin and zinc into copper, of liquid tin into iron 
and into chromium and of liquid aluminum into chromium. 
These, with the possible exception of the last, have been 
reported by others. The diffusion of liquid aluminum into 
iron has been noted by Grube, Chimie et Industrie 18, 68 
(1927), and by others, reference to whom is not at hand 
at the present moment. 

The above work was started during the writer's engage- 
ment as a metallurgical technician at Ryerson Laboratory, 
University of Chicago, and has been continued since with 
his own facilities. He wishes to acknowledge with thanks 
and appreciation his indebtedness to Professor Gale for 
the latter's encouragement and for putting the facilities of 
the laboratory at his disposal, as well as to the laboratory 
staff for their helpfulness in this and other work during 
his stay at the university. 

It is hoped that an opportunity will be forthcoming for 
the continuance of this study with better equipment for 
the maintenance and accurate measurement of high 
mechanical pressures and for the study of magnetic proper- 
ties involved. 

Leo G. HALL 

Spalding Machinery Co., 

205 W. Wacker Drive, Chicago, 
December 9, 1934. 


The Far Ultraviolet Absorption Spectrum of Methyl Iodide 


The author has shown in a number of cases! that the far 
ultraviolet absorption spectra of polyatomic molecules can 
be followed to their limits if a grating vacuum spectrograph 
and a Lyman continuum are used. From these limits very 
accurate values of the ionization potentials of the molecules 
can be deduced. Methy! iodide is an excellent example of 
this. Its ionization potential as determined by ordinary 
methods is given as 9.1+25 volts. An analysis of its ab- 
sorption spectrum taken at very low pressures in the region 
2000—1200A reveals two ionization potentials whose values 
can be given as 9.489 and 10.113 volts with a probable error 
of only 0.003 volt. 

The bands down to 1650A have been reported by Herz- 
berg, Scheibe* and others. Below this the bands are predis- 
sociated. They become somewhat sharper at shorter wave- 
lengths and approach two very prominent heads at about 
1300A and 1220A, respectively. Two strong electronic series 
going to each limit are observed, a comparatively large 
number of the higher members being visible in all cases. The 
upper members from about »=5 to »=15 conform very 
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well to Rydberg formulas, and their limits are computed to 
be 76,920+15 cm™ and 81,980+15 cm™. These correspond 
to the ionization potentials previously mentioned. 

From n= 2 tom =5 the bands are difficult to follow on ac- 
count of their diffuseness and deviations from the Rydberg 
formulas. However, it can be established fairly definitely 
that the B and D bands of Herzberg and Scheibe are the 
first members of the two electronic series which go to the 
lower limit, and the C band and a band at about 1542A are 
the first members of the series which go to the upper one. 

W. C. Price 

The Rowland Physical Laboratory, 

The Johns Hopkins University, 
February 1, 1935. 

1 The Absorption Spectra of Acetytene, Ethylene and Ethane in the Far 
Ultraviolet, W. C. Price (to appear soon in Phys. Rev.); W. C. Price, 
Phys. Rev. 46, 529 (1934). 


?T. N. Jewett, Phys. Rev. 46, 616 (1934). 
* Herzberg and Scheibe, Zeits. f. physik. Chemie B7, 390 (1930). 


Line Strengths in Intermediate Coupling—An Addition 


In the paper of the above title (p. 295 of this volume), 
the following statement of the J-file sum rule is given: 
For any coupling, in a transition array in which the jumping 
electron is not equivalent to any electron in the ion in either 
configuration, the strengths of the J files referring to the levels 
of the initial (final) configuration are proportional to the 
values of 2J+1 for those levels. 

Mr. Goldberg of the Harvard Observatory has called my 
attention to the fact that in all the transition arrays which 
he has calculated in LS coupling, this sum rule holds for the 
files in one direction even if the jumping electron is equiva- 
lent to other electrons in one of the configurations. He finds 
that the strengths of the J files referring to the levels of the 
initial (final) configuration are proportional to 2J+1 pro- 
vided that the jumping electron is not equivalent to any other 
in the final (initial) configuration—it may be equivalent to 
others in the initial (final) configuration. By a simple 
extension of the method of § 2 of the paper cited, a general 
proof of this statement may be given, not only for LS 
coupling, but for any intermediate coupling. The values 
of the sums come out & times the value (4) of the above 
paper, if the jumping electron is one of & equivalent elec- 
trons in one of the configurations. 

This means, for example, that for the array d‘p=-d', the 
J-file sum rule holds with respect to the files referring to 
the levels of d*, but not with respect to files referring to 
d*p, and that the absolute strengths of these files, in terms 
of the one-electron matrix component, are five times those 
of the corresponding files of d* pad‘ d. 

This extension of the sum rule was recognized for the 
case k =2 in the above paper, but it is thought advisable to 
state the more general result here in order to collect, in as 
nearly one place as possible, all the sum rules which are 


applicable in intermediate coupling. 


Georce H. SHortLey 
Mendenhall Laboratory of Physics, 
Ohio State University, 
February 18, 1935. 
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The Masses of Be*, Be® and B", as Determined from 


Transmutation Data 


We! have investigated the gamma-ray spectrum result- 
ing from the bombardment of Li by H'. The spectrum is 
complicated but has a definite maximum at 16 mev =0.0172 
mass units. The intensity of the gamma-radiation increases 
rather suddenly when the bombarding voltage reaches 600 
kv, and decreases again at higher voltage. 

This suggests that a large part of the radiation is due to 


Li’+H'—Be*+E, I 


and that the proton is captured on a level, presumabiy the 
ground level, in Be’. It is not likely that any reaction in- 
volving Li could yield sufficient energy. 

We may equate the right-hand side of this reaction to the 
right-hand side of the well-known reaction 


Li’ +H'~2Het+E, 2) 


and solve for the mass of Be*. From the data given by 
Oliphant? we find E,=17.5 mev =0.0188 mass unit at 
600 kv. This gives 


Be*® = 2He'+ E,—E; = 8.0043 +0.0188 —0.0172 = 8.0059, 


which is 0.0016 greater than the mass of two alpha- 
particles. It is, therefore, to be expected that Be® will have 
an extremely short lifetime, splitting up into two alpha- 
particles, each with an energy of 0.75 mev corresponding to 
a range of about 0.35 cm. 

The first evidence for the existence of Be* was obtained 
by Kirchner*® who gives 8.0074 for the mass. This deter- 
mination depends, however, on the value 11.0110+0.0015 
for the mass of B" as given by Aston. If, on the other hand, 
we use our value for the mass of Be® we find from Kirchner's 
data B" = 11.0095. 

Almost the same value for B" is obtained from the reac- 
tion 

BY’ +H?—-B"+H!+E, 3) 


Cockroft‘ has measured four groups of protons and we® 
have determined the gamma-ray spectrum. The agreement 
is satisfactory and the total energy in the reaction is 9.7 
mev =0.0104 mass unit. Using Bainbridge’s value for 
B®, H? and H!, we get B“ = 11.0093, in good agreement with 
the above value. 

Using the above mass values we may calculate the mass 
of Be® from several well-known reactions. Bonner and 
Brubaker* have recently investigated the energy spectrum 
of neutrons produced when Be is bombarded by H?, and 
have shown that the maximum energy of these neutrons is 
4.5 mev+0.1 mev. Presumably the reaction is 


Be®+H?—+B!?+ n!. 4 
Using the above values and n'=1.0080 (Chadwick), 


0.0007 for the kinetic energy of the H? and 0.0005 for the 
kinetic energy of B"®, we find 


Be® = 10.0135 + 1.0080 +-0.0048 +0.0005 — 2.0136 —0.0007 
=9.0125. 
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Dee’ has observed a singly charged particle of short range 
from Be bombarded by protons. If we assume that this 
particle is H?, the most probable reaction is 


Be’ +H'—Be’ + H?. (5) 


Using Oliphant's* data for the kinetic energy of the H?* 
particle and taking the mass of Be* to be 8.0059, we obtain 
Be® = 8.0059 +2.0136 +0.0008 — 1.0078 —0.0001 =9.0124. 
It should be noted that here the mass of B'® is not involved 
and the agreement therefore constitutes a check on the 
value 10.0135 for the mass of B'® as given by Bainbridge. 

Oliphant? has observed 26 cm protons when Be is bom- 
barded by H*. We may assume that the reaction is 


Be® +H*—Be!®+H}!. 6 


We obtain the mass of Be’ from Meitner’s* observation that 
Be’® is radioactive, changing into B" and a negative elec- 
tron with 0.3 mev energy. From this we obtain for the mass 
of Be® 


Be® = 10.0135 + 1.0078 +-0.0047 +0.0003 — 2.0136 —0.0002 


=9.0125 


The excellent agreement among these three determina- 
tions of the mass of Be® is no doubt to some extent fortui- 
tous, for the probable error is in each case about 0.0005. 
Nevertheless, we may conclude that the mass of Be® 
is very nearly equal to the sum of the masses of two alpha- 
particles and a neutron, namely, 8.0043+ 1.0080 =9.0123. 

It is, therefore, not surprising that Be® may be disrupted 
by gamma-rays from radium, as found by Szilard and 
Chalmers.® Our masses of Be® and Be’ lead us to predict that 
the lowest energy gamma-ray capable of disrupting Be® is 
1.4 mev, which is the minimum required to produce the 


reaction 


Be’ Be®+-n'. 


Disintegration into two alpha-particles and a neutron 
would probably require more energy, because of the mutual 
potential barrier of two alpha-particles, which is about 2 
mev. This is in agreement with the results of Ridenour, 
Shinohara and Yost,'* but not in agreement with those of 
Gentner." 

H. R. CRANE 

C. C. LAURITSEN 

Kellogg Radiation Laboratory, 
California Institute of Technology, 
February 14, 1935. 


! Crane, Delsasso, Fowler and Lauritsen, to be published soon 


? Oliphant, Inter. Conf. of Physics, London, Oct. 1934. 

*? Kirchner and Neuert, Physik. Zeits. 35, 292 (1934 

* Cockroft, Inter. Conf. on Physics, London, Oct. 1934 

* Crane, Delsasso, Fowlerand Lauritsen, Phys. Rev. 46, 1109 (1934 

* Bonner and Brubaker, L. A. Meeting, Am. Phys. Soc., Dec. 1934; 


Phys. Rev. 47, 254A (1935). 
7 See reference 2. 
* Meitner, Naturwiss. 22, 420 (1934 
* Szilard and Chalmers, Nature 134, 494 (1934) 
® Ridenour, Shinohara and Yost, Phys. Rev. 47, 318 
" Gentner, Comptes rendus 199, 1211 (1934 
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On the Electrostatic Deflection of Cosmic Radiation 


Early in 1933, we arranged an experiment to study the 
deflection of cosmic-ray particles by strong electrostatic 
fields between parallel plates. Previous magnetic deflection 
experiments had left, of course, no reason to doubt that an 
electrostatic deflection should exist. Our object was rather 
to determine the relative numbers of rays in the lower 
energy range. In April, 1933, a small effect had been ob- 
served and was mentioned by the senior author in a lecture 
before the National Academy of Sciences. An abstract of 
this lecture has appeared in Science.' Further observations, 
however, resulted in a diminution of the electrostatic de- 
flection relative to the probable error so that a complete 
report was postponed pending more exhaustive investiga- 
tions. 

Recently Lenz* has reported electrostatic deflection re- 
sults of large magnitude and it becomes of interest to com- 
pare them with our own observations. We find it difficult to 
reconcile his large effects with the other existing data re- 
garding the distribution of cosmic-ray electrons in energy. 
The considerations to be outlined here have led us to the 
conclusion that Lenz's low field-strength result is irrecon- 
cilable with our observations and that electrons of suffi- 
ciently small energy to have been deflected could not have 
penetrated the absorbing material present. Neither can we 
reconcile his large high field strength effect with the mag- 
netic deflection result of Curtiss’ nor with the cloud- 
chamber observations of Anderson.‘ 

Lenz, Curtiss, and ourselves all used three or more 
Geiger-Miiller counters in a vertical line with a region of 
deflecting field between two of them, and all found 
diminution of counting rate when the electric or magnetic 
field was applied. Lenz's data with the bottom counter 
displaced will not be included in this discussion. 

One of us*® has computed, for each of the experiments, 
the fractional diminution (¢ in the diagram) that would be 
observed if all the rays were of a given energy (V in the 
diagram). The actual diminution will be, of course, the 
integral of the product of e by the energy distribution func- 
tion. Table I shows the percent diminutions obtained in the 
four experiments and the amount of absorbing material, 
expressed in mm of lead, associated with each. 

Considering any two deflection experiments, the one 
whose ¢ curve lies the farther to the right should give the 
larger effect. Comparing Lenz's 700 volt/cm result with the 
authors’, and his 70,000 volt /cm result with Curtiss’s, it ap- 
pears from the curves that, as regards a and b, Lenz's 
700 volt /cm effect should be less than ours; and as regards 
cand d, his 70,000 volt /cm effect should be less than that of 











TABLE I. 
Equiv 
Abs 
in mm 
Curve Experiment % Diminution Obs of lead 
a Lenz 700 v/cm 33% +7% 10 
b Swann & Danforth 3% +3% 7 
é Lenz 70,000 v/cm 94% 42% 10 
d Curtiss 33% 42% 6 
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Eiecrron VexTs 


Fic. 1. Fractional number (¢) of electrons eliminated by deflecting field 
as function of their energy. 


Curtiss, whereas the reverse of these two conclusions is 
recorded. The diagram shows, further, that the electrons 
eliminated in Lenz's 700 volt/cm experiment lie below 10’ 
volts, but Anderson's data indicate that such electrons can- 
not penetrate 10 mm of lead. Also, Lenz's 70,000 volt /cm 
result requires that at least 94 percent of the particles lie 
below 10° volts while Anderson reports 25 percent lying 
above 4X 10° volts. 

Curtiss worked under a thin roof while both Lenz and 
the authors had two concrete floors above them, but this 
could hardly produce sufficient differences in energy distri- 
bution to explain the discrepancies. And the difference in 
amounts of absorbing material inherent in the three counter 
systems are in the wrong sense to resolve the difficulties. 

W. E. DanrortH 
W. F. G. SwWann 
The Bartol Research Foundation 
of the Franklin Institute, 
Swarthmore, Pennsylvania, 
February 11, 1935 

1W. F. G. Swann, Science, May 19, 1933. 

2? E. Lenz, Nature 134, 809 (1934). 

*L. C. Curtiss, Bur. Standards J. Research 9, 815 (1930). 

Cc. D. Anderson, Phys. Rev. 43, 381 (1933) and a paper now in 
process of publication in the Proc. Roy. Soc. 


*W. E. Danforth, J. Frank. Inst. 217, 331 (1934) and a paper now 
in preparation. 


The Virial Theorem and Quantum Statistics 


Fock! has given a variational treatment of the virial 
theorem for the Thomas-Fermi method. But Jensen* has 
pointed out that because of the improper integrals occur- 
ring, the variations employed by Fock are invalid. Jensen 
then proceeds to amend the procedure, but at the expense 
of making an artificial assumption concerning a “‘per- 
turbed” and an “unperturbed” solution. However, the 
difficulties of the variational method may be avoided by a 
simple treatment based on the following lemma. 

The function of the scalar parameter A, 


~ Sf P\T1)p\F2) dridrs 


1, —%2/d 


M,= J S= wy dnidrs= | 


obviously reduces for \= 1 to the mutual potential energy 
of a charge distribution of density p. In terms of the 
potential ¢, M), becomes 


My = 4S po(ar)dr = 1/2 f po(r/a)dr. 


If p is piecewise continuous then it is known from potential 
theory that ¢ together with its first derivatives is continu- 
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ous, so M) may be differentiated with respect to \. There 
results when \=1 since d¢(r\)/d\=r-grad ¢(rd), 


4 S podr = — fpr-grad ¢dr.* (1) 


Consider the Fermi statistics applied to a molecule with 
nuclear charges ¢:, ¢: «--, é,.. Then in terms of the total 
potential, V=¢+2e,/|r—r,|, the kinetic energy of the 
electron cloud is defined as 


T=i fu(V—B)*"dr (V—B)>0, (2) 


where u = 8re(2me)*!?/3h* and —ef is the maximum energy 
of an electron. Performing a partial integration, 


T= —}Su(V—8)*"r-grad Vdr. 


The surface integral vanishes since (V—8)=0 on the 
boundary. But, by definition the charge density p= 
—u(V—B)*, so 


2T= fpr-grad Vdr 
= fpr-grad ¢dr+Z fpr-grad e./|r—ry|dr. 


The first integral on the right is an instance of lemma (1) 
and the second may be transformed by the identity 


r-grad |r—ry| = —|r—ry|~'—ry-grad, |r—r,|, 


2T = —}S peodr —ZS exp) me 


—Z Sere grad, p/|r—rs!}. 


Here the first two terms represent the potential energy, U, 
of the electron cloud, so the virial theorem may be written 


27 = —U-—Z fewi-grad, p/|r—r,'dr. (3) 


Under the sole assumption that ¢ ts everywhere finite it is 
possible to give a justification of the partial integration 
and differentiation under the integral sign here employed. 
Lack of space prevents its inclusion but it is, of course, 
necessary as near the nuclei the charge density is unbounded 
and all the integrands are quite improper. It is then found 
essential to take the integral of Eq. (3), not in the general 
sense, but as a limit of an integral over the region resulting 
from the exclusion of the nuclei by means of small spheres. 
Thus, the virial equation may be also expressed as 

274+ U=Lim Negry- €or). 
a0 
Here «,(r) is the electric field produced by all charges ex- 
terior to spherical regions of radius a surrounding the 


nuclei. 
The case of a neutral atom is of interest. By symmetry 


Eq. (3) reduces to 27 = —U. Also, 8=0 so (2) may be 
written 


T= —3 fpVdr= —* fp(o+e,/r)dr. 


The potential energy is simply U=4/pd¢dr+e, fp/rdr. 
By elimination from these three relations it is found that 


T+ U=8e fp/rdr =*e,6(0) 
and 


iS pddr = — le, S'p/rdr. 


The first expression gives the total energy of the atom, and 
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the second states that the mutual potential energy of the 
electron cloud is one-seventh that arising from nuclear 
attraction, 
RicHARD J. DuFFIN* 
Department of Physics, 
University of Illinois, 
Urbana, Illinois, 
February 15, 1935. 


1V. Fock, Physik. Zeits. Sowjetunion 1, 747 (1932 


*H. Jensen, Zeits. f. Physik 81, 611 (1933) 
? This suggests the correspondent of Euler's theorem for functionals 


Thus, S: . S lar **X,)dxi:**dxp may be termed ““homogeneeus 
of degree r in ¥ provided 


So S war + Mx =f: So Ae vi * *ACoIx,), 
where cis a fixed constant. Then 
rSi-++S pbdar ++ dxp=Sf'-+-S pEnxid Ox; dxi-++dxy 


* University Fellow in Physics 


Concerning the Ionosphere 


In his addendum! to my letter? in this journal I was 
pleased to note that Professor E. V. Appleton is in agree- 
ment with my theory of the diurnal and latitude variations 
in the F,; region of the ionosphere based on the hypothesis 
of heating of the region by the sunlight with consequent 
vertical expansion of the region and horizontal spread due 
to winds. The theory, qualitatively at least, yields accord 
with the main F, features. Calculation indicates that the 
absorption of solar ultraviolet light by molecular oxygen 
and its decomposition to atomic oxygen is adequate to 
cause the heating and expansion of these outlying reaches 
of the atmosphere. In respect to the ionization above 180 
km first observed by Breit and Tuve’ and its daytime bi- 
furcation into F; and F, first recognized and investigated 
in detail for a number of years by Kirby, Berkner and 
Stuart‘ and independently announced by Schafer and 
Goodall,’ there is a slight discrepancy with the observations 
in England. Kirby, Berkner and Stuart‘ at Washington 
found from 1930 to 1933 that the maximum noon ionization 
of F, was roughly 1.5 to 2 times as great in winter as in 
summer. The continuance of the Washington observations 
by Kirby, Judson and Gilliland during 1933 and 1934 gave 
the same answer. On the other hand, Appleton® stated that 
in England the summer noon F ionization (he called it ‘‘F’ 
ionization, whereas he was dealing with a region stratified 
into F, and F,) was about 1.5 to 1.8 times the winter noon 
values during 1933. The discrepancy may possibly be due to 
a difference in latitude and in any case may be cleared up 


by further observations. 


E. O. HuLBuRT 


Naval Research Laboratory, 
February 8, 1935. 


! Appleton, Phys. Rev. 47, 89 (1935). 

? Hulburt, Phys. Rev. 46, 822 (1934). 

* Breit and Tuve, Phys. Rev. 28, 554 (1926). 

‘Kirby, Berkner and Stuart, International Scientific Radio Union, 
Washington, April 27, 1933; Bur. Standards J. Research 12, 15 (1934 
The terminology, F, F: and F: which I have used is that originally 
proposed by Kirby, Berkner and Stuart and adopted at the Interna- 
tional Scientific Radio Union meetings in London, September 1934 

* Schafer and Goodall, Nature 131, 804 (1933) 

* Appleton, Proc. Roy. Soc A141, 700 (1933 
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A Note on the Production of Cosmic-Ray Showers 


The cosmic-ray showers, which are shown so beautifully 
in the counter controlled cloud chamber,' have been in- 


' vestigated by numerous observers. The method in general 


has consisted in putting three Geiger counters below a thin 
plate of heavy material. The counters are usually arranged 
so that three particles emerging simultaneously from the 
plate are required to register a coincidence. Hence a shower 
will consist of at least three particles associated in time. 

This note concerns an experiment dealing with the 
variation in the number of showers with depth below the 
top of the atmosphere. The experiment was performed in a 
tunnel of the Morris Dam of the City of Pasadena. Read- 
ings were taken at points where the solid angle down to 45° 
from the vertical was filled on all sides with a known depth 
of water. The coincidences were recorded with a vacuum 
tube circuit similar to those of Johnson and Rossi. The 
counters were 14 cm long and 2.5 cm in diameter. They 
were placed as shown in Fig. 1, beneath a lead plate 2.2 
cm thick and 20 20 cm in area. 








Fic. 1. 


Measurements were made of the number of coincidences 
per hour at three locations as shown in the following table. 
This table gives the increase in the number of coincidences 
per hour due to the lead plate above the counters. 


(i) Apparatus on the top floor of Bridge Laboratory &/hr 
(il Under approx. 4 meters water equivalent below sealevel 0.5/hr 
Under approx. 10 meters water equivalent below sea level ©.1/hr. 
The intensity of the vertical radiation at the three places 
was measured by. putting the counters in a vertical line 
with about 6 cm between counters (i.e., 12 cm overall). 
Comparing this with the number of showers emerging from 
the 2.2 cm lead plate, one obtains, 


Vertical Showers 
i) At sea level 1.0 1.0 
il 4 meters below 0.38 0.06 
iii) 10 meters below 0.20 0.01 


A few measurements have been made with varying 
thicknesses of lead, and these show that the thickness of 
lead for a maximum number of showers decreases greatly 
as one goes below sea level. 

Asa result of these experiments the following conclusions 
must be reached. 


i) The sea level radiation responsible for the type of co- 
incidence here involved is softer than the average 


cosmic radiation. 
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(ii) The energy of the shower particles, as measured by 
the thickness of lead at which the coincidences are of 
maximum frequency, decreases when the shower 
producing radiation is filtered through water. 

. | wish to thank the Water Department of the City of 

Pasadena for permission to use the Morris Dam. 

I also wish to thank C. D. Anderson and R. A. Millikan 
for many helpful suggestions. 
W. H. PickeRiInc 
California Institute of Technology, 
February 6, 1935. 


' Anderson, Millikan, Neddermeyer and Pickering, Phys. Rev. 45, 
352 (1934). 


The Therma! Equilibrium of Elementary Particles 


We examine some new features of the equilibrium of 
matter and radiation at high temperatures 72 2mc*/K. 
At these temperatures the number of photons with energy 
hy >2mc capable of producing the creation of pairs of 
electrons cannot be neglected.' Also the collisions between 
the nuclei and other elementary particles, as neutrons, 
protons and electrons, produce the nuclear transformations 
in which the neutrons and protons can be captured or 
emitted. 

We want to show that the application of the statistical 
laws permit the deduction from general assumptions of 
some properties of the elementary particles.’ 

Let us consider a region (for instance inside a star) in 
which nuclei, radiation and elementary particles are in 
thermal equilibrium. We want to assume the validity of 
the conservation laws of the charge, energy and momentum 
and of the exclusion principle for the electrons. We suppose 
also that it is possible to describe, at least in a first ap- 
proximation, the states of the neutrons and protons by the 
antisymmetrical eigenfunctions and for some other par- 
ticles (e.g., for photons) by symmetrical eigenfunctions. 

The chief new feature of the equilibrium is that the total 
number of elementary particles of every kind will be vari- 
able with the temperature. The general statistical laws 
show, for each kind of elementary particles, the validity of 
the laws of Kirchhoff regarding the emission and the absorp- 
tion of them by the nuclei, and the existence of a law of the 
spectral distribution of the number of particles among the 
various states which depend only on the temperature, and 
not on the kind of nuclei which take part im the equi- 
librium. 

It is, for instance, noteworthy that by the usual statistical 
method* one can deduce the validity, for each kind of 
particles, of the asymptotical law of Wien for the density 
of particles with energy W->«. Thus, from Kirchhoff's 
laws we conclude that the cross sections for the creation of 
pairs or the transformation of nuclei must tend to a con- 
stant limit when the energy of the incident particles tends 


to *, 
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A more detailed account of the application of the statis- 
tical method based on the assumption that, in a first ap- 
proximation, the interaction among the particles can be 
described by some field of forces, will be given in another 
place. 

GLEB WATAGHIN 
University of Sdo Paulo, 
Department of Physics, 
January 24, 1935. 


1In a previous note we have considered the problem regarding the 
statistics of positive and negative electrons: Phil. Mag. [7] 17, 910 
(1934). 

? The following remarks can also be applied to the hypothetic ‘‘neu- 
trinos” and negative protons. 

3 Which we applied to the electrons in our preceding note, reference 1. 


A New Method for Calculating Relative Multiplet 
Strengths in a Transition Array 


The relative strengths of multiplets in a transition 
array such as p*- p— p*- d, where the jumping electron does 
not belong to a shell of equivalent electrons, may be calcu- 
lated by the simple Kronig formulae.! When the jumping 
electron belongs to a shell of three or more equivalent 
electrons, as in the array p*—p*d, the relative multiplet 
strengths may be calculated by the method of Condon and 
Ufford,? which is based on the principle of spectroscopic 
stability. When more than one term of a kind occurs in a 
given configuration, however, their method gives only the 
sum of the strengths of the multiplets arising from all 
transitions between these terms and a term (or set of like 
terms) in the second configuration, and not the strengths 
of the individual multiplets. This apparent indeterminacy 
arises from the assumption that it is impossible to fix the 
ionic parentage for each term of the given configuration 
of equivalent electrons. Bacher and Goudsmit® have shown 
that the difficulty is purely formal, and that the parentage 
of any term in such a configuration may be expressed as a 
linear combination of all the terms of the ion. The coeffi- 
cients may be found by quantum-mechanical methods. 
Thus, the parentages of the terms 4S, 7D and *P of p* are 
divided as follows among the terms *P, 'D and ‘'S of p*: 
(@P), (1/2*P+1/2'D) and (1/2*P+5/18'D+2/9'S). Accord- 
ingly, the relative multiplet strengths for the permitted 
transitions of p*— p*- d are the same as for the corresponding 
transitions of p*- p— p*-d, except for the factors 1/2, 5/18, 
etc., which must be introduced to take account of the 
fractional parentage of the term in question. It has already 
been noted that the strengths of p*- p— p?- d may be calcu- 
lated by the simple Kronig rules. Table I contains the 
multiplet strengths for the transition p*— p*d. The numbers 
in parentheses are the strengths given by Kronig's form- 
ulae for the corresponding multiplets of p*- p—p*-d. The 
parent terms are also given in parentheses. The missing 
multiplets are those forbidden by one or more of the ordi- 
nary selection rules. The resultant strengths may be com- 
pared with those computed by Condon and Ufford for the 
same transition array. 





THE EDITOR 








Taste |! 
™ pid @P) CD) as 
= ad sd 2p P F 2D 2p s 2:— 
@P) 4S | (240) 
240 | 
1/2 @P) 2D! (S04) (90) (6) | 
252 «45 a 
1/2 @P) 2P| (270) (90) | 
135 45 | 
= eo cn — —— 
1/2 @D) *D| | (336) (210) (S54) 


| 
168 105 27 
’ 
(126) (162) (72) | 

35 45 20 


5/18 (*D) »p| 


2/9 (1S) "4 (360) 
| | 80 


Tables for the cases of astrophysical importance will be 
given in the complete paper, which will be sent to the 
Astrophysical Journal. 

DonaLp H. MENZEL 
Leo GOLDBERG 
Harvard Observatory, 
Cambridge, Massachusetts, 
February 18, 1935. 


1 cf., review by Shortley, Proc. Nat. Acad. Sci. 20, 591 (1934). 
2 Condon and Ufford, Phys. Rev. 44, 740 (1933). 
+ Bacher and Goudsmit, Phys. Rev. 46, 948 (1934). 


The Action of Neutrons on Heavy Water 


We have observed a large decrease in the radioactivity 
of a target activated by neutrons when heavy water is 
interposed between the target and neutron source. The 
water, weighing 46 g was contained in a Pyrex glass tube. 
It was prepared by Dr. H. L. Johnston and since it had been 
loaned for another purpose we were not at liberty to transfer 
it to a more suitable vessel. The neutron source consisted of 
125 millicuries of radon in a 0.5 cc bulb containing pow- 
dered beryllium. This bulb was in turn surrounded by 20 g 
of powdered beryllium to utilize the production of neutrons 
by gamma-rays. The tube of water was placed close to the 
source and inclined at an angle to the target to increase the 
path of the neutrons through the water. This average path 
was about 5 cm. The target was a silver cylinder, 1 mm 
thick, placed around a screen-wall tube counter and inside 
the outer brass wall, 2 mm thick, of the counter. 

In order to compare the effect with H' and H?, measure- 
ments were made with a similar Pyrex glass tube contain- 
ing the same quantity of ordinary water, and also with the 
empty container. The summary of the various activations 
under these conditions is given. Each value is the average 
count per minute above the normal background for the 
first 5 minutes, starting one-half minute after the source 
was removed. 
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Hesry water Light water Empty tube 
2.8 22.6 13.4 
6.8 16.8 19.2 
3.0 18.4 22.8 
7.8 pe Sane 

Ave. 5.1 19.3 18.5 


One series was obtained with a copper target with a 
comparable result. When the source was placed in water to 
give a larger number of slow neutrons a smaller effect was 
observed. However the geometry on these experiments was 
such as to decrease the path of the neutrons through the 
heavy water and moreover the boron in the Pyrex glass was 
doubtless sufficient to absorb all of the very slow neutrons. 

From the nature of the experimental set-up including the 
borosilicate glass and the outer brass wall of the counter, 
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it seems probable that the decrease observed with heavy 
water is due to its action upon neutrons which have at least 
fairly high kinetic energies. It is not obvious, however, 
whether the effect is due to absorption or scattering. 

We wish to thank Dr. L. R. Taussig and the University 
of California Hospital for the radon used in these experi- 
ments. 

W. F. Lippy 
E. A. Lone 
W. M. LATIMER 
Department of Chemistry, 
University of California, 
Berkeley, California, 
February 7, 1935. 
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Proceedings of The New England Section of the American Physical Society 


MINUTES OF THE CAMBRIDGE MEETING, FEBRUARY 2, 1935 


HE sixth regular meeting of the New Eng- 
land Section was held at Cambridge, 
Massachusetts, on Saturday, February 2, at 
Massachusetts Institute of Technology. The pre- 
siding officer at the sessions was Professor W. G. 
Cady, Chairman of the Section. 

The morning session was devoted to con- 
tributed papers, whose Abstracts are printed 
below. After this session, the George Eastman 
Laboratory of Physics was open for inspection. 


The afternoon session was devoted to invited 
papers. Professor G. Gamow gave a most inter- 
esting discussion of the theories of the beta- 
disintegration of nuclei. Professor Francis Bitter 
spoke on the relationship between the magnetic 
and mechanical properties of metals. 

The program of the Section consisted of 9 
papers, the Abstracts for which are given below. 


Puitip M. Morse, Secretary-Treasurer 


ABSTRACTS 


1. Thomas-Fermi Method in Metals. H. M. Krutrer, 
Massachusetts Institute of Technology—-Each atom in a 
metal is considered to be at the center of a cell formed in 
the manner suggested by Wigner and Seitz. To a first ap- 
proximation this cell is assumed to be spherical. The 
Thomas-Fermi equation is solved numerically within this 
sphere subject to the two boundary conditions that the 
potential approach Ze/r at the nucleus, and the total 
electronic charge contained within the sphere is equal to 
— Ze. Expressions have been found for the kinetic, poten- 
tial and total energies. The virial theorem has also been 
checked analytically. Calculations of the total energy as a 
function of internuclear distance show no minima. Potential 
field, momentum distribution, and other features obtained 
by this method promise to be of decided value as first 
approximations in more accurate treatment of metals. 
The Dirac modification of the Thomas-Fermi equation, 
which includes an exchange correction, has also been solved 
numerically for several atoms and should give more ac- 
curate potential fields. 


2. On the Stokes Phenomenon for the Differential 
equations which Arise in the Problem of Inelastic Atomic 
Collisions. O. K. Rice, Harvard.—The problem of inelastic 
atomic collisions, involving exchange of energy between 
the atoms, depends upon the solution of a pair of coupled 
differential equations equivalent to a single differential 
equation of the fourth order, in which the independent 
variable is the distance r, between the two atoms. Asymp- 
totic forms for the solutions of this pair of equations may 
be found. The probability of energy exchange may be 
shown to depend upon the connections between the solu- 
tions for values of r which correspond to regions of space 
where the relative kinetic energy of the two atoms is posi- 
tive and the solutions for values of r corresponding to 
regions where the kinetic energy is negative. The finding 
of these connections involves a study of the asymptotic 
forms of the solutions when these forms are considered as 
functions of a complex variable. Such a study has been 


fe=p exp 


made in this paper, and the corresponding Stokes phenom- 
enon investigated. It was not possible to attain the desired 
end, but results of interest have nevertheless been obtained. 
A brief discussion is given of the previous work of Stueckel- 


berg. 


3. A Contribution to the Theory of the W. B. K. Method. 
E. C. KemsBie, Harvard.—Let p(z,E) denote the classical 
local momentum [2yu(E— V) }? in a one-dimensional prob- 

, : : (2. ) 
lem in wave mechanics. Let f; = p~" exp ¢ - if pdt > and 

lh JH’ *) 

—29" 
— if, pds > denote the basic W. B. K. 
approximation functions. At every point of the complex 
plane where p does not vanish it is possible to fit a linear 
combination a;+/,a.f, to an arbitrary exact wave function 
¥(z) so that a; and a, become uniquely defined functions 
of s. A study of the differential equations of a; and a, makes 
it possible to put Zwaan’s derivation of the Kramers con- 
nection formulas on a rigorous basis. The same method of 
attack yields a proof of the usual Bohr energy level formula 
applicable to the lower energy levels for which the connec- 
tion formulas themselves are not valid. When applied to 
the problem of the transmission of matter waves through 
rounded potential hills, it gives an accurate transmission 
coefficient formula applicable through the entire range of 
positive and negative values of Vas. — £. 


4. Vacuum Tube Amplifier for Thermocouple e.m.f. 
R. P. Jonnson, M. E. Bett anp W. B. NotrinGcHas, 
Massachusetts Institute of Technology—An amplifier has 
been developed for measuring small d.c. voltages arising 
in low resistance sources such as thermopiles. The source is 
placed in series with a “balancing out” e.m.f., a platinum to 
platinum cam driven contact, and the primary of a 1 : 100 
ratio transformer. The contacts are closed about 90 percent 
of each revolution of the cam during which time the current 
builds up in the primary circuit, thus storing “magnetic” 
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energy in the iron of the transformer. The instant the con- 
tact opens an oscillation starts in the secondary. After one- 
quarter period of the oscillation practically the entire 
energy stored in the iron is delivered to charge the grid to 
filament capacity in parallel with the secondary distributed 
capacity. The voltage pulse delivered to the grid is prac- 
tically equal to the thermal e.m.f. multiplied by the turns 
ratio and the ratio of the time constant (L;/R,) of the 
primary to the one-quarter period of the secondary circuit. 
Thus with an initial amplification of about 8000, it has 
been possible to detect thermal e.m.f.’s of 10~* volt with 
reliability. In the present arrangement the pulsating current 
is rectified after passing through a three stage audio-ampli- 
fier giving a galvanometer output of 3 mm per 10~* volt in 
an eight ohm primary circuit. 


5. The Need of Physicists to Study the Problem of 
Hardiness and its Measurements. S. R. WILLIAMs, Am- 
herst.—It is a conservative statement,—that among the 
tests for the suitability of materials in construction work 
the measurement of hardness holds an outstanding position 
as a test method. In spite of its wide use there is no 
satisfactory definition. We do not know what is meant by 
the term hardness. The methods thus far employed for 
measuring it are not based on any fundamental physical 
property. Modern atomic theories, colloid theories and 
theories of elasticity and plasticity should place the 
physicist in an advantageous position for studying the 
problem of hardness. Someone may wish to revive in con- 
nection with hardness the phenomenon of dilatancy as set 
forth by Osborne Reynolds. Hardness should not be left 
either to the metallurgists to study on metals alone or to 
the mineralogists on. minerals. Desch has observed that 
“metallographic researches have resulted as yet in com- 
paratively few far reaching generalizations.” In the field of 
hardness measurements there is need for some generaliza- 
tion. It is this phase of the work which the physicist should 
consider. It may seem a far cry from hardness research to 
pedagogy. They are, however, intimately associated so far 
as the teacher of science is concerned. The investigation of 
hardness as a physical property of solids should percolate 
down through our science departments until the students in 
general physics are studying allied properties, such as 
density, elasticity, thermal and electrical conductivity and 
magnetic induction. This could be done with a series of 
alloys developed by a metallurgical department. The num- 
ber of alloys would be legions. Such a program would give 
to the embryo physicist the “thrill of discovery” as well 
as to the older investigator. Students are interested in any 
project if it means being associated with something im- 
portant and worth while. This would get away from the 
deadly practice students now have of trying to duplicate a 
number to be found in a table of physical constants and 
place the emphasis on the technique of experimentation. 


6. Gamma-Ray Sensitivity of Tube-Counters and the 
Measurement of the Thorium Content of Rocks. Ros_ry 
D. Evans, National Research Fellow, University of Cali- 
fornia (now at M. I. T.), anp R. A. MuGce.e, University 
of California.—The useful sensitivity, S, of a tube-counter 
exposed to feeble gamma-radiation is proportional to 
(N—B)/(N+B)"*, where B is the background counting 
rate and N is the counting rate when the gamma-ray 
source is present. S depends upon the product of (a) the 
efficiency of production of secondary electrons in the 
counter by the incident radiation, and (b) the efficiency of 
the tube-counter in discharging once for each such second- 
ary electron formed within its sensitive volume. Syste- 
matic comparison of many forms of tube-counters reveals 
that the sensitivity to gamma-radiation from a source of 
given strength and geometry, may be markedly increased 
(a) by increasing the effective area of the cathode by 
employing screen-wire cathodes or grooved tube cathodes 
in place of solid smooth cathodes, and by using cathodes of 
high atomic number. If the cathode is not radioactive, 
various cleaning treatments do not increase its sensitivity. 
Temperature changes between 0° and 45°C do not appre- 
ciably affect the copper cathode tube-counter. The sensi- 
tivity, S, may be increased further (b) by careful selection 
of the operating voltage and the pressure of the filling gas. 
For every counter an optimum pressure and voltage may 
be found at which the counter is many times more sensitive 
than it would be if no care were given to the selection of 
these operating conditions. For a tube-counter 12 cm long 
and 2 cm in diameter maximum sensitivity is obtained with 
a 100-mesh copper gauge cathode when the counter con- 
tains air at 6.5 cm Hg pressure and is operated 170 volts 
above threshold. The elevated sensitivity of these gamma- 
ray counters permits the direct measurement of the feeble 
gamma-radiation from the radioactive impurities in ordin- 
ary granitic rocks, and, when combined with independent 
measurements of the uranium content by the radon emana- 
tion method, leads to thorium measurements having a 
probable statistical error of about 2 10~’ g Th per g rock 
when only two hours of measurements are made on 1400 
g of rock. 


7. The High Pressure Transitions of Bismuth. P. W. 
BripGMAN, Harvard.—By an extension and improvement of 
the methods used in Phys. Rev. 45, 844 (1934), the transi- 
tion parameters of bismuth have been determined at high 
pressures. There are two new modifications of bismuth, each 
denser than the liquid. The transition line between I 
(ordinary bismuth) and II (first high pressure modifica- 
tion) is linear and passes through the points 80°, 23,250 
kg/cm* and 180°, 17,850 kg/cm*. The transition line be- 
tween II and III (second high pressure bismuth) is also 
linear and passes through 80°, 26,400 kg/cm* and 180°, 
22,950 kg/cm*. The triple point Liq.-I-I1 occurs at 184.0°. 
17,600 kg/cm*, with the parameters: 
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Lat.ht..-73 =118 kg cm/g 
Lat.ht.q7-liq. = 186 
Lat.ht.y-liq, = 304 


4Vy-4 0 «=«-= 0.00474 cm*/g 

AVy-liq. = 0.00025 

AV }hig.-1 =0.00449 
| 


By calculation, rough values for the triple point Liq.-II-III 
are found to be: 187.0°, 22,700 kg/cm?, and 
Lat. ht.gy-r97 kg cm/g 


Lat.ht.qJ-liq. = 
Lat.ht..71-liq. = 


4Vinr-u =4=0.00279 cm'/g 
AVit-liq. =0.00020 
AViTI-liq. = 0.00299 


44 
86 
42 


1 
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Exploration has been made for still other modifications up 
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to 50,000 kg/cm*, but none have been found at room 
temperature or 125°. Antimony which crystallizes in the 
same system as Bi I shows no new modifications in the same 


range. 


8. Problems of Beta-Disintegration. PRoressor G. 


Gamow, George Washington University. 


9. Relationship between the Elastic and Magnetic 
Properties of Metals. PROFESSOR FRANCIS BITTER, Massa- 
chusetts Institute of Technology. 











